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Inflation vs. The Decennial Index 


Vy HEN HENRY DAVID THOREAU, famous Concord naturalist and Yankee 
philosopher, traveled to Canada one fall day in 1850, prices were low. How low can be 
judged by the fact that his railroad fare to Quebec City and return was seven dollars. 
His food, lodging, and incidentals cost another five dollars. On the other hand, a laborer 
in his time earned a straight one dollar a day, which was frequently what Thoreau was 
paid when he was hired to do odd jobs for his neighbors. Compared with conditions now, 
the present workman, receiving ten to twenty dollars a day plus deluxe fringe benefits, 
is undoubtedly better off even though the railroad fare from Concord to Quebee has 
increased 45 times. Prices have gone up but so have wages. 

The situation admittedly is not so favorable with white collar workers, and with fixed 
income groups. A man earning $3000 a year, only ten years ago, apparently must now 
earn $5500 to achieve equal purchasing power. If he earned $5000 in 1940 this is now 
equivalent to $9400. Families with fixed income derived from pensions and life insurance 
payments have in part lost the security they once thought they had by a factor of 
approximately one half. 

Technical societies also find the going rather rough. Although our dues have gone 
up 20% in the past 20 vears, prices and wages paid by the Society have gone up many 
times this amount. (Incidentally, officers of the Society continue to serve without pay.) 
Economy and more economy is necessary to make ends meet. This year, for the first 
time, the Decennial Index for the TRANSAcTIONS and JOURNAL will be omitted. Why? 
The budget does not permit. The Board of Directors feels that the Index is less important 
to the membership than full support of the JouRNAL at present publication standards. 
Only sizable subsidies from outside sources can make the Index possible without cutting 
into essential operations and services of the Society at their current levels. Approaching 
such time as the inflationary flood recedes, or the Society’s income catches up, the 
Index will again be made available. 

In a period of austerity, postponement of this kind constitutes a small sacrifice on our 
part; and one which should not seriously hamper the national mobilization effort. On 
a broad front, the Society continues to serve on a seale higher than at any other 


time in its history. 
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How to Dispose of 


Waste Cyanide Solutions 


A DISPOSAL METHOD now coming into wide use is that of oxidiz- 
ing the cyanide ion to the much less toxic cyanate in a strongly 
alkaline solution. 


CYANATES are about 775 as toxic as cyanides. Accordingly, waste 
containing 100 ppm cyanide becomes practically non-toxic if the 
cyanide is all oxidized to cyanate. 


THE OXIDATION OF CYANIDE to cyanate is not only rapid, but it 
appears applicable to almost all types of cyanide wastes. 


MANY OXIDIZING AGENTS can be used, but chlorine is probably 
the most satisfactory and cheapest. It may be fed as a gas, an aqueous 
solution, or as solid hypochlorite. 


FORTUNATELY, after a basic solution of cyanide is oxidized to 
cyanate, the further addition of chlorine decomposes it to carbon 
dioxide and probably nitrogen or nitrogen compounds. 


PUBLIC SEWERS are generally used as outlets for waste from plants 
that are not located on streams. Usually, higher concentrations are 
permissible than in streams, although local conditions and legal 
requirements dictate allowable practice. Actually, even though 
cyanates are not particularly poisonous, there is a tendency on the 
part of pollution control authorities to require destruction of 
the cyanates. 


A.E.S. RESEARCH PROGRAM 


THE AMERICAN ELECTROPLATERS’ SOCIETY is conducting a com- 
prehensive research program and has developed useful information 
on current plating problems. International Nickel, in addition to 
its other support of this program, feels that it will be a further 
service to make copies of A.E.S. Research Reports available to 
electroplaters. 


THE SUBJECT OF CYANIDE WASTE TREATMENT, approached from 
different viewpoints, is reviewed in A.E.S. RESEARCH REPORT, 
Serial No. 14, entitled: “Disposal of Plating Room Wastes.” We 
offer you a free copy of this report. Write for it now. 


On January 1, 1951, National Production Authority Order M-14, 
respecting the consumption of primary nickel, went into effect and 
subsequent amendments limit the applications for which nickel 
and its alloys may be used. 


Within these limitations, we shall continue to issue information 
on new developments and user experience with nickel-containing 
materials, as we believe that dissemination of such data can help 
to promote the intelligent utilization of critical materials, so essen- 
tial in these times, 


cone | NC ec 


THE INTERNATIONAL NICKEL COMPANY, INC. 
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67 WALL STREET 
NEW YORK 5, N.%. 
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Electrochemical Reduction of Nitroalkanes 


Preparation of N-Alkylhydroxylamines (Hydroxaminoalkanes)' 


Morton W. LErEps? Anp G. B. L. 


SMITH? 


Department of Chemistry, Polytechnic Institute of Brooklyn, Brooklyn, New York 


ABSTRACT 


Kleetrochemical reduction of the nitroalkanes gives N-alkylhydroxvlamines and 
alkvlamines, the former being formed in the larger amounts and in satisfactory yields. 
The effects of current density, temperature, and acidity on the efficiency of the electro 
chemical reduction were studied and the optimum conditions for the several reactions 


were established. Nitromethane, l-nitropropane, and 2-nitropropane were reduced and 


the corresponding alkylhydroxylamines and alkylamines were identified as the products 
of the reactions. The cathode potentials for the several electrochemical systems were 
measured at different current densities. In order to extend the applicability of the pro 
cedure, a nitroalcohol was reduced to a hydroxaminoalcohol. 


INTRODUCTION 


The nitroalkanes, which have become available in 
large quantities in recent years, have made possible 
the initiation of many important investigations. N- 
Alkylhydroxylamines have 
been merely laboratory curiosities and only a few 


(hydroxaminoalkanes) 


studies on these substances have been reported. 
Pierron (6) has demonstrated that the nitroalkanes, 
nitromethane, nitroethane, and 1-nitropropane could 
be reduced electrochemically to the corresponding 
N-alkylhydroxylamines alkylamines. The 
cathode was a nickel cylinder, the anode either 
platinum or nickel. The catholyte was 1.5 per cent 
sulfuric acid in 50 per cent aqueous alcohol, and the 
anolyte was 15-20 per cent aqueous sulfuric acid. 


and 


Current densities varied from 0.4 to 0.75 amp/dm? 
Bruckner and co-workers (2, 9, 10, 11) have effected 
the electrochemical reduction of aromatic substituted 
mixture of 
glacial acetic acid, ethanol, and hydrochloric acid 
as catholyte and 20 per cent sulfuric acid as anolyte. 
Petru (12) made a polarographic study of the reduc- 
tion of the simple nitroparaffins. McMillan (13) 
patented a process involving the reduction of nitro- 
10 to 25 per cent 
solution in a catholyte containing 1 to 10 per cent 
hydrochloric acid at 50° to 100°C at a current density 
of 20 amp/dm?*. Pearson and Evans (5) demonstrated 


nitroalkanes and derivatives using a 


alcohols to aminoaleohols in a 


‘Manuscript received November 30, 1949. This paper, 
prepared for delivery before the Buffalo Meeting, October 
11 to 13, 1950, is an abstract of a part of the thesis submitted 
by Morton W. Leeds to the Graduate Faculty of Polytechnic 
Institute of Brooklyn in Juné 1944 in partial fulfillment of 
the requirements for the degree of Doctor of Philosophy. 


? Present address: Schwarz Laboratories, Inec., New 
York, New York. 
Present address: Research Department, U. 8S. Naval 


Ordnance Test Station, Inyokern, California. 
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the formation of N-alkylhydroxylamines among the 
products of the electrolysis of pure nitroalkanes 
with platinum electrodes. 

The purpose of the investigation described in the 
present paper was to establish the optimum electro- 
chemical conditions for the reduction of nitroalkanes 
to N-alkylhydroxylamines. 


EXPERIMENTAL PROCEDURES 


A pparatus.—The cellemployed gave essentially the 
same electrochemical conditions as that developed 
by Skolnik and Smith (7) for the preparation of 
aminoguanidine nitroguanidine. The exact 
arrangement was as follows: An 8-liter pyrex glass 


from 


rectangular battery jar served as the container; a 
small lead shelf in the bottom of the jar supported 
two rectangular porous clay cells which were the 
anode chambers. The catholyte was agitated either 
by the small laboratory pump which circulated the 
liquid through a lead coil cooled in a low temperature 
bath, whereby any temperature down to 0°C could 
be maintained, or by a glass stirrer which operated 
in the free space below the anode chambers. Direct 
current from a 12 volt, 1.2 kw motor-generator set 
was distributed to the electrodes by three lead wires 
to the cathode, and two similar wires to each of the 
anodes. 

The anodes were lead plates. The cathode used in 
most of the experimental work was an amalgamated 
lead electrode (10.6 dm? surface area) made from 
lead plate of } in. thickness and was of a technical 
grade only and not a chemically pure (or electrolytic 
grade. The lead cathode was cleaned and amalga- 
mated freshly before each experiment. This was 
accomplished by washing with a mixture of equal 
volumes of nitric acid and water for several minutes, 
followed by rinsing with water and then drying with 
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a clean cloth. The electrode was then treated with 
mercury using a clean cloth to rub the mercury into 
the surface of the lead electrode until an even mirror- 
like finish was obtained. 


Analytical Methods 


N -A lh ylh ydroxylamine 8. 
tion containing 18 ¢/1 CuSO,-5H.O was prepared as 


Benedict-Fehling’s solu- 


outlined by Hawk and Bergeim (3). The preparation 
was standarized against a solution of alkylhydroxyla- 
mine prepared by hydrolyzing a known weight of 
the p-nitrobenzaldehyde derivative of the alkylhy- 
droxylamine. The equations of the reaction which 
Was used in computing the results of the analyses 


were: 


R—NHOH + 2Cu0 — RNO + HO + CuO 


2R—NHOH + 4CuO 
»>N0O + 2ROH + HO + 2Cu,0. 


\ 10-ml aliquot was withdrawn from the cell and 
diluted to 100 ml in a volumetric flask. The diluted 
solution was titrated into 5 ml of the Benedict- 
Fehling’s solution contained in a white porcelain 
casserole and kept just at the boiling temperature 
over a small flame. The point at which the blue color 
had just disappeared was accepted as the end point 
of the titration. 

Alkylamines.—The separation of the alkylamine 
was effected by oxidizing the V-alkylhydroxylamine 
with ferric ion in acidic solution. 

Alkylamines were determined by titration with 
hydrochloric acid after separation from the catholyte 
by distillation. V-Alkylhydroxylamines which either 
would distill unchanged along with the alkylamines 
or would decompose with formation of ammonia, in 
either case interfering with the titration, must be 
destroyed before separation of the alkylamines. Ac- 
cordingly, the following procedure was followed: 

Ten em’ of catholyte were placed in a 500 em? 
Kjeldahl flask with 25 em* of 20 per cent ferric sul- 
fate and 5 em® of concentrated HeSO,, and the mix- 
ture was diluted to 300 em*. The diluted solution 
was boiled vigorously for 15 minutes, then cooled to 
room temperature. The ferrous ion formed by reac- 
tion with the hydroxylamine was restored to the 
ferric state by addition of sufficient potassium per- 
manganate to cause a permanent pink color. [The 
reaction of ferrie ion and alkylhydroxylamine is 
quantitative and can be made the basis of a method 
for determination of alkylhydroxylamines (1) |. Ex- 
cess alkali was added and the alkylamine was dis- 
tilled from the solution into 100 em?’ of one per cent 
borie acid. Titration was carried out with 0.1N HCl, 
with methyl red as indicator. 
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Isolation of N-alkylhydroxylamines.—Pierron. iso- 
lated the alkylhydroxylamines either as p-nitroben- 
zaldoximes or as chloroplatinates which are suitable 
only for identification. Experiments were performed 
to see if the sulfate or the hydrochloride of the alkyl- 
hydroxylamines gave crystalline products. The sul- 
fate proved to be the most stable, although in no 
case were we able to isolate pure crystalline solids; 
but the catholyte solutions could be evaporated 
under reduced pressure to a thick syrup which could 
be analyzed for alkylhydroxylamines. 

2-Nitropropane was reduced in a 5 per cent solu- 
tion of sulfuric acid at 5°C using an amalgamated 
lead cathode. The catholyte was divided at the end 
of the redveetion; part A was treated with an excess 
of barium carbonate and the barium sulfate removed 
by filtration. The solution was treated with an excess 
of hydrochloric acid. Part B was used direetly with- 
out conversion to chloride, and both solutions were 
concentrated under reduced pressure at a tempera- 
ture of 65°C. Part A, or the hydrochloride of the 
alkylhydroxylamine, gave a yield of only 9.6 per 
cent while part B, or the sulfate, gave 53 per cent 
by analysis. 

The above experiment was repeated and the catho- 
lyte again divided into two portions. To the first 
portion, A, barium carbonate was added in sufficient 
amount so that the V-alkylhydroxylammonium acid 
sulfate remained in solution. To the second portion, 
B, an additional molar quantity of barium carbonate 
was added so that secondary \N-alkylhydroyxlam- 
monium sulfate remained. The barium sulfate formed 
Was separated by filtration and the solutions were 
concentrated under reduced pressure and then fur- 
ther concentrated in vacuum desiccators over con- 
centrated sulfuric acid. No crystals were formed in 
either case. The yield for part A was 66.6 per cent, 
and for part B was 65.5 per cent by analysis for 
isopropylhydroxylamine. The procedure outlined for 
part B was followed for subsequent experiments in 
concentrating the catholytic solutions. 


EXPERIMENTAL RESULTS 


In all of the following experiments nitroparaffin 
was added to the catholyte at such a rate as to main- 
tain the solution in a saturated condition. The weight 
of nitroparaffin added was used to calculate the 
yields. 

Effect of variables on the reduction of 2-nitropropane. 

2-Nitropropane was selected for the series of 
experiments designed to establish optimum electro- 
chemical conditions for reduction to the alkylhy- 
droxylamine (2-hydroxaminopropane). The — var- 
iables studied were current density, temperature, 
and concentration of sulfuric acid. In the first series 
of experiments, durine which the current density 
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was varied, a solution of 5 per cent sulfuric acid was 
used as the catholyte, a lead cathode was employed, 
and the temperature of 5°C was maintained. The 
reaction was allowed to proceed for 20 hours and 
aliquots were withdrawn and analyzed each hour for 
alkylhydroxylamine and alkylamine. The results of 
these experiments are presented in Table I. 

In a second series of experiments a current density 
of | amp/dm? was maintained and the temperature 
was changed from 5° to 65°C. Other conditions were 


TABLE I. Effect of current density on current efficiency in 


the reduction of 2-nitropropane 


(5% H.SO,, 5°C, 20 hr) 


Average current efficiency 
Yield 
2-hydroxamino 
propane, ‘ 


Current density 
2-hydrox . 

amp/dm hydre 2-amino- 

amino- ¢ 


Total, %% 
propane, ‘ propane, °~ 
yropane, 


0.5 84.‘ 


2 3.5 87.7 9.5 
1.0 S1.5 3.7 85.2 71.5 
2.0 71.5 5.3 76.8 65.5 
3.0 64.2 a 71.9 53.0 
| 
TABLE Il. Effect of lemperature on current efficiency in the 


reduction of 2-nitropropane 


(1.0 amp/dm?, 5°¢ H.SO,, 20 hr) 


Average current efficiency 

Te Yield 
cc 2-hydrox ; ; 2 hydroxamino 

. --amino T ( propane, 

amino , Total, % 
, propane, 
propane, 

5 81.5 3.7 85.2 71.5 

25 80.2 2.6 82.8 63.0 

15 72.0 3.7 75.7 63.5 

65 57.7 8.1 65.8 34.0 


TABLE IIT. 


rent efficiency in the reduction of 2-nitropropane 


Effect of concentration of sulfur tc acid on cur 


(1.0 amp/dm?, 25°C, 20 hr) 


Average current efficiency 
Yield 


Acidity i 
’ 2-hydroxamino 


% sulfuric acid 2-hydrox . : 
amino 2 ee Total, % Soames, 
‘ propane, 
propane, “; 
-~- | « - 
0 55.1 } 18.3 73.4 10.3 
| 62.9 20.2 83.1 | 19.2 
3 69.5 | 3.3 72.8 53.0 
5 80.2 | 2.6 82.8 63.0 


as used in the first series. The results of these ex- 
periments are presented in Table IT. 

In a third series of experiments, the temperature 
of the catholyte was maintained at 25°C, the cur- 
rent density at | amp/dm*, and the concentration of 
sulfuric acid was varied from 0 to 5 per cent. Pierron 
(6) has shown that at a concentration of 10 per cent 
sulfuric acid, decomposition of the alkylhydroxyla- 
mine results. The data from these experiments are 
presented in Table III. 


TABLE 
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Reduction of four nitroalkanes.—From the preceding 
experiments it appears logical to accept the following 
as the optimum conditions for the electrochemical 
reduction to the hydroxaminoalkanes stage; current 
density, | amp/dm?*; temperature, 5°C; concentra- 
tion of sulfurie acid, 5 per cent. Using these condi- 
tions, a fourth series of experiments was performed 
in which the 
methane, nitroethane, 1-nitropropane, and 2-nitro- 


four common. nitroalkanes, nitro- 
propane, were reduced. The current efficiencies and 
yields for the several compounds are given in Table 
IV. 
For identification purposes, the p-nitrobenzal- 
doximes of the hydroxaminoalkanes were prepared 
as follows: Approximately 5 g of the concentrated 
catholyte, obtained as described previously, were 
diluted with 40 ml of ethyl aleohol. Four g of p- 
IV. Current nitroalkanes 


efficie neies for four 


(1 amp/dm?, 5°C, 5% H.SO,, 20 hr) 


Average current efficiency 


Yield 

Compound are hydrox- 

yarox Amino = : ~reapepngd? 

amino- * sca Potal, % alkane, “% 

alkane, % | * oe) 

Nitromethane 60.6 6.9 67.5 $1.5 
Nitroethane 61.7 5.7 67.4 42.5 
1-Nitropropane 71.1 3.3 74.4 54.5 
2-Nitropropane S1.5 3.7 85.2 71.5 


TABLE V. 


Analytical data on hydroxaminoalkane 
benzaldoxime derivatives 
F 


Melting point °C Nitrogen, % 


Derivative 


Found Recorded Found Caled. 
Methyl 198 202 15.17 15.55 
Kithyl 95 97 15.54 14.50 
1-Propyl 74 77 13.22 13.45 
2-Propyl ; 134 138 13.55 13.45 


nitrobenzaldehyde and 5 g of sodium carbonate were 
added. The mixture was shaken occasionally for a 
period of one hour, allowed to stand for 20 hours, 
and then poured into 150 ml of ice and water. The 
yellow precipitate was separated by filtration and 
recrystallized from ethyl alcohol. The melting points 
and analyses for nitrogen are given in Table V. 

In order to extend 
the method developed for the reduction of nitro- 


Reduction of a nitroalcohol. 


alkanes, a nitroalcohol, 2-nitro-2-methyl-1-propanol, 
was reduced under the following conditions: current 
density, | amp/dm?; sulfuric acid concentration, 5 
per cent; temperature, 30°C; time, 20 hr; amal- 
gamated lead cathode. Concentration of the catho- 
lyte, as in the case of the hydroxaminoalkanes, 
resulted in the decomposition of the product. How- 
ever, when the sulfate ion was removed as barium 
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TABLE VI. Cathode potential as a function of current density 
in the reduction of the four nitroalkanes 
Current Potential 


density across 
amp/dm? cell, volts 


Cathode potential, volts 


Nitromethane 
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sulfate, the resulting solution of the hydrochloride 
was concentrated and a p-nitrobenzaldoxime was 
prepared in the usual manner: mp 161°C; nitrogen 
analysis—found, 12.13 per cent, caled., 12.35 per 
cent; current efficiency was 85.9 per cent, and yield, 
28.5 per cent. 

















0.9 3.0 | __ 0.718, 0.709, 0.710 Measurements of cathode potential as a function of 
1.0 3.7 0.733, 0.735, 0.744, 0.764 : ; 
20 16 0.772. 0.784. 0.772 current density.—Lingane (4) has pointed out that 
2. .6 442, U.4S4, OL4ie - © . 
30 5.7 0.801. 0.802. 0.805 changing the current density to produce a desired 
1.0 6.6 0.942, 0.948, 0.950 rate of electrolysis will also affect the cathode po- 
5.0 7.8 1.910 tential. In order to confirm the physical observations 
wf Pad . . . . . 
6.0 5.4 1.221 made in our previous work, a series of experiments 
iteentiiens was carried out in which the cathode potential was 
measured under different conditions of current 
- 6 mn or : r ah a : 
1.0 B.A 0.528, 0.528, 0.559 density. A Leeds & Northrup Type KX potentiometer, 
2.0 1.8 0.886, 0.888, 0.889 it} | | 7 | clondend ab 
p —_ wit ‘ OX Vi Tanometer anc usuié standard ce 
3.0 6.1 1.205, 1.175, 1.119 oS a So ee ee wee 
10 74 1.303 was used. A saturated calomel half-cell was fitted 
with a small section of rubber tubing attached to 
1-Nitropropane the side arm; the rubber tubing was in turn attached 
0.5 3 0 0.670, 0.659, 0.676, 0.679 to a glass tube. The glass tube and rubber tubing 
1.0 3.8 0.730, 0.706, 0.709, 0.721, 0.729 were filled with a saturated solution of potassium 
2.0 1.9 0.769, 0.749, 0.726, 0.740, 0.736 chloride and the free end of the glass tube was 
‘ 5 786, 0.757 .756, 0.757 : . . 
3.0 »-S 0.788, 0.707, 0.700, 0.797 closed with a jelly made from 4 per cent agar-agar 
1.0 7.0 0.778, 0.763, 0.768 : me ' : ' 
5 0 75 0.797. 0.783. 0.780 in a saturated solution of potassium chloride to 
‘ Fol vi, » 40; oh ° ° rm. . . 
6.0 8.6 1.105, 1.035, 1.253, 1.313 prevent diffusion. This arrangement made it possible 
to move the end of the “extension arm” of the 
9 itr . * > . ° “,* 
2-Nitropropant calomel half-cell to any desired position near the 
0.5 35 0.720, 0.714, 0.733, 0.734, 0.731 surface of the cathode and to obtain readings; the 
1.0 1.5 0.764, 0.773, 0.761, 0.763 tip of the glass tube had to be in contact with, or 
2.0 5.5 0.785, 0.821, 0.845, 0.810, 0.790, not more than 1-2 mm removed from, the surface 
0.808 ' : 
- ” of the cathode. After the cell had been in operation 
3.0 6.5 0.968, 0.929, 0.955, 0.800, 0.843 : : ee 
- for at least four hours and control analyses indicated | 
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Fic. 1. Cathode potential versus current density 








Vol. § 


norm: 
four I 
of su 
and 1 
of the 
chang 
cathe 
corde 
ach 
surfs 
incre: 
rapid 
ing ct 
meas 


It 
pape! 
amin 
by ¢ 
efficie 
have 

As 
optin 
these 

Gl: 
cathe 
anotl 
The 
rapid 
sents 
parti 
expel 

Fis 
tenti 
poter 
incre 
reach 
carri 
ing ¢ 
effici 


Or 
ducti 


1) 195 ] 


iloride 
e was 
trogen 
) per 
yield, 


‘ion of 
t that 
lesired 
le po- 
ations 
ments 
al was 
urrent 
meter, 
d cell, 
fitted 
ned to 
tached 
tubing 
assium 
re Was 
ur-agar 
ide to 





ossible 
of the 
ar the 
vs; the 
ith, or 
surface 
eration 
licated 





Vol. 98, No. 4 


normal functioning, measurements were made. All 
four nitroalkanes were reduced in 5 per cent solutions 
of sulfuric acid using amalgamated lead cathodes 
and temperatures of 25° to 30°C. Since the source 
of the current was a motor generator, slight current 
changes occurred, which in turn caused changes in 
cathode potential. Accordingly, each reading re- 
corded is the average of 3 to 6 measurements and 
each reading recorded is for one position in the 
surface of the cathode. The current density was 
increased until hydrogen was observed to be liberated 
rapidly from the electrode, indicating that the limit- 
ing current density had been passed. Results of these 
measurements are given in Table VI and Fig. 1. 


DiscussION OF RESULTS 


It is evident from the studies described in this 
paper that nitroalkanes can be reduced to hydro- 
aminoalkanes in an efficient and satisfactory manner 
by electrochemical means. Rather high current 
efficiencies have been realized and satisfactory yields 
have been obtained. 

A series of rather empirical experiments established 
optimum electrochemical conditions for reduction; 
these findings were supported by analytical data. 

Glasstone (8) states that during electrolysis the 
cathode potential increases until the discharge of 
another cation, e.g., hydrogen ion, can take place. 
The limiting current density is the point at which a 
rapid increase of potential is observed and it repre- 
sents the limiting (maximum) rate at which the 
particular ion can be discharged under the given 
experimental conditions. 

Fig. 1 demonstrates that when the cathode po- 
tential is plotted against the current density the 
potential increases slowly as the current density is 
of limiting density is 
reached. Since all of the electrolytic reductions were 
carried out at current densities lower than the limit- 
ing density values, this may account for the high 


increased until the point 


efficiencies generally obtained. 
SUMMARY 


Optimum conditions for the electrochemical re- 
duction of 2-nitropropane to 2-hydroxaminopropane 
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using amalgamated lead cathodes and lead-lead oxide 
anodes have been established. These conditions are 
as follows: sulfuric acid concentration of catholyte 
and anolyte, 5 per cent; temperature 5°C; current 
density, | amp/dm?. These conditions were found by 
a study of the effect of the several variables on the 
cathode current efficiency. 

Nitromethane, nitroethane, and 1-nitropropane, as 
well as 2-nitropropane, were reduced and the corre- 
sponding hydroxaminoalkanes were identified by pre- 
paring the nitrobenzaloximes. The order of increasing 
current efficiency was nitromethane, nitroethane, 1- 
nitropropane, 2-nitropropane. The cathode potentials 
for the reduction of the four nitroalkanes were de- 
termined at different current densities. Under opti- 
mum conditions, only a small amount of amino- 
alkanes is formed. A nitroaleohol was reduced to a 
hydroxaminoalcohol. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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ABSTRACT 


By electrolysis of 40 weight per cent perchloric acid with refrigerated platinum metal 


anodes, electrolytic ozone of 58 weight per cent concentration has been prepared at 


energy efficiencies up to 24 grams ozone per kwhr. Maximum yields of ozone were at 


tained with the internally cooled anode at 


at a bulk electrolyte temperature of 


60° to —65°C, perchloric acid electrolyte 


56°C, current density of 0.13 to 2.6 amp/dm?, and 


a total pressure above the electrolyte of 10-100 mm Hg 


Ozone current efficiency, 


weight per cent ozone, and grams of ozone per kwhr increase 


with decreasing anode and electrolyte temperatures, and with increasing current density 


INTRODUCTION 


Yields of ozone above 20 weight per cent have 
previously been obtained by electrolysis of perchloric 
acid at low temperatures (7). A recently completed 
study demonstrated that the temperatures of plati- 
num metal anodes in perchloric acid are 3° to 20°C 
warmer than that of the electrolyte, under the opti- 
mum conditions for ozone production (1). Since the 
ozone current efficiency increases very rapidly with 
decrease in temperature, and since ozone production 
occurs only at the anode surface, the control of 
anode temperature is of prime importance. The 
present work is a continuation and further explora- 
tion of that process with the aims of greater yields, 
higher energy efficiencies, and a better understanding 
of the process itself. 

Briner, ef. al., (4, 5) reported that yields of ozone 
up to 7.8 g/kwhr may be obtained by electrolysis 
of perchloric acid, and concluded that the acid gives 
somewhat lower yields than sulfuric acid. Since 
Briner erroneously believed it necessary to sweep 
out the ozone with a current of air, he succeeded in 
obtaining only very dilute concentrations, and since 
his highest yields were secured with a current of 
0.05 ampere, his errors may have been large. In any 
event Briner and all other prior art workers (3, 6) 
the 
tainable with perchloric acid. 


overlooked singularly improved results ob- 


EXPERIMENTAL APPARATUS AND PROCEDURE 
Cell for Preparation of Hydrogen-F ree Ozone 
One of several cells having a refrigerated anode is 
shown in Fig. 1. The cell (henceforth, Cell No. 1) 


' Manuscript received August 28, 1950. This paper pre- 


pared for delivery before the Washington Meeting, April 


8 to 12, 1951 
2 U.S. Patent application pending 
Present address: Union Oil Company, Oleum, Cali 
fornia 
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consists of two concentric glass tubes, fitted together 
with a standard 29/42 mm glass-tapered joint. The 
outer glass platinum-tube serves as the anode, while 
the cathode is a hollow cylinder of sheet platinum. 
The platinum glass seal consists of joining the plati- 
num tube (2.5 em OD, 5 em long, 0.0025 em wall 
thickness) to the glass by using a graded glass seal, 

This cell was immersed in a methyl aleohol-dry 
ice bath so that the cross-arm was below the level 
of the refrigerant. A glass cloth diaphragm (Owens- 
Corning Fiberglas No. 118) was used to separate the 
cathode product, hydrogen, from the anode product, 
a mixture of ozone and oxygen. 


Cell With Internally Cooled Platinum-Iridium A nod 


A cell (Cell No. 2) having an internally-cooled 95 
per cent platinum-5 per cent iridium tubular anode 
is shown in Fig. 2. The anode (25 em X 0.3 em OD x 
0.025 em wall thickness) and the sheet platinum 
cathode were separated with Teflon spacers. No 
provision was made for the separation of the hy- 
drogen and ozone-oxygen mixture. Four ports were 
made in the top, one for the electrolyte thermo- 
couple, one for the cathode connection, and two for 
the tubular anode. Dow-Corning silicone stop-cock 
grease Was used as the lubricant. 

Methyl alcohol, cooled by 
copper coil and storage cylinder immersed in a 


pumping through a 


methyl aleohol-dry ice bath (ca. —80°C), was used 
as the internal refrigerant for the anode (Fig. 3). To 
further assist in the refrigeration, the entire cell was 
immersed in a dry ice-40 weight per cent perchloric 
acid bath. 

The absorbers, shown in Fig. 3, were constructed 
from standard 34/45 mm glass joints. Two were 
used in series to insure complete absorption of the 
ozone in the potassium iodide absorbent. 

All seals of the absorber and vacuum apparatus 
were either standard taper glass seals or stopcocks. 
were } (0.6 em) ‘Tygon 


The other seals used in. 
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; 
| tubing, an ozone-resistant elastomer. Vacuum was ne - 
' = maintained by an oil seal vacuum pump. The appa- sill 
ratus was designed so that vacuum could be main- quien ate | __ HYDROGEN 
tained on the cell while the ozone-absorbing tubes OZONE or a | f 
were being drained and refilled. 3 a 
The cell was filled with 40. weight per cent per- a a | 
chlorie acid electrolyte. Dry ice and methyl alcohol \ } 37%ae —— 
| were added to the reservoir and the circulating | ens 
pump turned on. To attain steady-state conditions, 
the cell was permitted to operate for at least one anemia 
hour before any samples were taken. Each absorber 
contained a mixture of 40 ml of 2.7 KI and 10 ml 
of distilled water. The duration of each run was five 
EXPANSION 
minutes, timed by a stop watch. The temperature BELLOWS _p 
was controlled by adding dry ice to the bath, the Le 
ten flow rate of the refrigerant being controlled with a aii 
The valve and by-pass arrangement. Temperatures were DIAPHRAGM 
vhile determined with standard copper-constantan ther- 
— mocouples and a Leeds & Northrup No. 8662 pre- ANODE 
‘lati. cision potentiometer. After absorption of ozone, the 
me absorbent solution was washed into a 500 ml erlen- ian 
ini meyer flask and the liberated free iodine was titrated SHEET (oor) 
bis with standard sodium thiosulfate solution. ei 
level Determination of Ozone ; : , ; . ‘ 
vens- . Fic. 1. Cell for preparation of hydrogen-free ozone 
othe t Boelter, Lash, and Putnam (2) have recently 
desk standardized the potassium iodide method by an , 
absolute method and have reported the conditions PLATINUM TUBE -  % 
necessary for determination of ozone in concentrated — - ; lana 
| node mixtures of electrolytic ozone. It has been shown ~ ae 
od 95 | that in this case it is necessary to add strong acid 
ain before titration. - pated a : aN . en 
D x Ozone was determined by absorbing in 40 ml of ‘a Gln wee aa Ne: wl] WELL 
inum 2M potassium iodide solution and 10 ml distilled ee ee /, pe 
No water, followed by acidification with 10 ml of 6N A 
ae H.SO,, and titrating the liberated free iodine with 
wens standard sodium thiosulfate solution (2). Current a 
aati efficiencies were calculated on the basis that both eanii Tot “STF 37 
na fn oxygen and ozone have an equivalent weight of 8. SPACERS SeRpee ae GLASS JOINT 
Cock Discussion OF ReEsuLTs 
wht With Cell No. 1, hydrogen-free ozone-oxygen mix- ; 
— tures could easily and uniformly be obtained having ge ~ at 
anil more than 20 weight per cent of ozone. The yield Ci | 
2) To increased from essentially no ozone at room tempera- ; \\ i 
1] was ture to more than 20 weight per cent at an electrolyte 
heals temperature of about —50°C, the cell having a 40 
weight per cent perchloric acid electrolyte and being | 
~ateil immersed in a methyl aleohol-dry ice bath. Anode A rd 
were | Current densities of 10 to 40 amp/dm? gave good “Th 
of the | results. When 100 ml of the ozone-oxygen anode bt iA {\ 3x STOPCOCK 
product were absorbed in alkaline pyrogallol, no a l 
aratus mace of undissolved hydrogen remained. When LY \) 
$e attempts were made to replace the platinum cathode ; oh 
orks : ; : wen é Fig. 2. Cell with internally cooled platinum-iridium 
Teas with lead, corrosion of the lead caused difficulties. ence. The cathode ccnsisted.of two diecte of slatiann. 


It is possible, however, that with a continuously one on each side of the tubular anode. 
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temperature at atmospheric pressure. 


TABLE I. Ozone current efficiency as a function of current 
density and anode temperature at atmospheric 


pressure. Cell No. 2 
I 


aap enae —_ , a Weight % Grams of 
emp density. Volts efficiency, anu onone Ber 
(amp/dm?) % 

—31 29.5 1.60 6.41 5.70 4.12 
—31.5 10.9 5.05 8.59 7.64 5.06 
31.5 50.9 7.02 10.16 9.04 6.00 
10.9 20.8 5.20 11.59 10.30 6.64 
10.9 41.2 5.21 14.20 12.63 7.75 
1] 19.8 6.10 18.60 16.54 9.24 
50 30.8 5.40 14.75 13.12 8.12 
50 41.3 5.82 18.95 16.85 9.70 
50.7 19.9 6.30 22.90 20.40 10.85 
59.8 31.0 7.70 22.30 19.82 8.77 
59.1 11.1 7.78 27.75 22.90 9.87 
59.8 50.1 7.40 28.20 25.10 11.33 


* Does not include power necessary for refrigeration. 
operating cell, the platinum cathode could be re- 
placed with lead. 


Effect of the Anode Temperature 


Cell No. 2 was used primarily to study the effects 
of anode temperature, current density, and absolute 
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Fic. 5. Ozone current efficiency vs. current density 


pressure above the electrolyte on the ozone concen- 
tration and yields. 

In all cases the ozone current efficiency and energy 
yields increased with decreasing anode temperature. 
Fig. 4 shows the effect of the anode temperature. 
That the plots are linear is due to the fact that 
temperature range was small (7). The average anode 
temperature was copper- 
constantan thermocouples in contact with the plati- 
num anode at positions entering and leaving the cell. 

The electrolyte was maintained six to ten degrees 
warmer than the average anode temperature. The 


determined by two 


lower limit of the temperature is the freezing point 
of the electrolyte (—56°C). 


Effect of the Current Density 


In previous work with uncooled anodes and con- 
stant bulk electrolyte temperature, current. density 
did not appear to be an important variable (7). 
When the anodes are not cooled by direct contact 
with a refrigerant, the anode-electrolyte temperature 
differential increases with increasing current density 
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(1), and this would tend to decrease the yield at 
constant anode (not electrolyte) temperature. 

Fig. 5 clearly shows the effect of current density 
on the ozone current efficiency at constant anode 
temperature, and at atmospheric pressure. At an 
ancde temperature of — 50°C, increase in the current 
density from 30 to 50 amp/dm? increased the ozone 
current efficiency from 16 to 23 per cent. 

The logarithm of the current efficiency is a linear 
function of the anode temperature, the curves being 
of approximately the same slope as the curves ob- 
tained by plotting current efficiency vs. electrolyte 
temperature (7). 


Energy Yields and Ozone Concentration 


Energy yields are a function of two opposing 
factors. With decrease in the electrolyte and the 
anode temperatures, the energy yield and ozone 
current efficiency increase. In addition the resistance 
of the cell increases with decreasing temperature due 
to the increased viscosity of the electrolyte. 

Conditions for maximum ozone concentration (58 
weight per cent) are as follows: 40 weight perchloric 
acid electrolyte, average anode temperature — 62° to 
—65°C; bulk electrolyte temperature should ap- 
proach the freezing point (—56°C); anode current 
density, 0.13 to 2.6 amp/dm*; voltage 8 to 13; and a 
total absolute pressure above the electrolyte from 
10 to 100 mm Hg. Because of entrainment of the 
electrolyte at lower pressures, it was necessary to 
limit the average anode current density. It is possible 
that much of the anode was covered with a film of 
frozen electrolyte, insulating parts of the anode and 
locally increasing the current density. Lowering the 
pressure Causes some increase in yield (7). 

For maximum energy yields (24 grams ozone per 
kwhr) the conditions are very similar to those for 
maximum ozone concentration with the exception of 
the bulk electrolyte temperature. In this case it 
should be a few degrees above its freezing point, in 
order to lower the cell resistance, and the voltage 
required is 8 volts. Recommended electrolyte tem- 
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me 


perature is —50° to —53°C for the maximum energy 
yields. 
CONCLUSIONS 

The following conclusions are drawn from this 
study: 

1. By electrolysis of 40 weight per cent perchloric 
acid at low temperatures, low pressures, and with 
refrigerated anodes, ozone energy yields up to 24 
g/kwhr, and concentrations up to 58 weight per cent 
ozone have been obtained. 

2. Ozone concentration is a function of the anode 
temperature. Lowering the anode temperature in- 
creases the ozone concentration and the energy 
yields. 

3. At constant anode temperature, increasing the 
current density increases the ozone concentrations 
and energy yields. 
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Any discussion of this paper will appear in a Discussion 
Section to be published in the December 1951 issue of the 
JOURNAL. 
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Amperometric Titrations with m-Nitrophenylarsonic Aeid’ 
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ABSTRACT 

In connection with the amperometric titrations of metal ions with arsonic acids, the 
polarography of certain arsonic acids has been studied. The arsonie acids are reduced 
to substituted arsines in a six-electron reduction. The nitro group of m-nitropheny! 
arsonic is reduced in two steps: (a) nitro to hydroxylamine involving four eleetrons and 
(b) hydroxylamine to amine involving two electrons. The effect of hydrochloric acid con- 
centration on these reductions is discussed. 

m-Nitrophenylarsonie acid is a suitable reagent for the amperometric titrations of 
uranyl, thorium, zirconium, and stannic tin. The compositions of the precipitates at 


the end point are VOOR, ThRe, ZrRe, and SnR, respectively (reagent denoted as H.R). 


Zirconium first precipitates as the monoarsonate which is readily transformed into the 


diarsonate by excess reagent. SnR reacts slowly with an excess of reagent to form SnR, 


Qualitatively, titanium (IV) behaves like tin (IV), but an amperometric titration of 


titanium is not feasible. Thorium reacts directly to form the diarsonate. 
The amperometric titrations described permit direct determination of UO., Th, Zr 





and Sn (IV). 


INTRODUCTION 


Phenylarsonic acid and other arsonie acid deriva- 
tives have been used as analytical precipitants for a 
number of metals, particularly zirconium (1, 2, 3, 4), 
thorium (1), titanium (3), tin (5, 6), and bismuth 
(7, 8). With nearly all these metals the composition 
of the precipitates is not known and the precipitates 
are ignited to the metal oxide for weighing. No 
satisfactory volumetric method has been reported in 
which these reagents have been used 

A study of the amperometric titration of the 
metals forming precipitates with arsonic acids is not 
only of analytical importance, but is also of general 
chemical interest, as it yields information on the 
composition of the precipitate, its solubility, its sta- 
bility under various conditions, coprecipitation phe- 
nomena, etc. 

Phenylarsonic acid and most of its derivatives are 
not suitable as reagents in amperometric titrations 
under various conditions. However, nitrophenyl- 
arsonic acid, being polarographically tagged with a 
nitro group, is very suitable as a reagent in ampero- 
metric titrations. 

The present paper discusses the polarography of 
some phenylarsonie acids and the use of m-nitro- 
phenylarsonic acid in the amperometric titration of 
a number of metals. The study is not exhaustive 
from the analytical point of view in as far as inter- 
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ferences and separations have not been investigated 
in detail. 
EQUIPMENT AND REAGENTS 

Most of the polarographic measurements were 
made with a manual instrument. Some polarograms 
were recorded with a Sargent Model XXI Polaro- 
graph. The reference half-cell was the saturated 
calomel electrode (S.C.E.); electrolytic contact was 
made by a salt-agar bridge. Measurements were 
made at 25°C. 

The phenylarsonic acid and m-nitrophenylarsonic 
acid used were products of Eastman Kodak Com- 
pany and were purified by recrystallization from 
water. The sodium salt of p-hydroxyphenylarsonic 
acid was prepared by Horace Davis of this laboratory 
according to the procedure in “Organic Syntheses” 
(9). Stock reagent solutions were prepared by dis- 
solving the reagent in distilled water. 


POLAROGRAPHY OF PHENYLARSONIC ACIDS 


The polarography of a number of aromatic arsonic 
acids has been reported by Breyer (10) He used 
0.01M arsonic acids in a 0.1. lithium chloride 
medium and in a citrate buffer of pH 2.97. The 
half-wave potentials are reported by him to be be- 
tween —1.2 v and —1.5 v vs. normal calomel elec- 
trode at pH 2.97 while those in the unbuffered 
solutions are 0.01 to 0.02 v 
shape of the polarograms differs considerably among 


more negative. The 


the compounds studied. Although the waves are 
poorly developed, all reach a limiting current in 
O.1N lithium chloride. The heights of the waves 
show more variation than might be attributed to 
differences in diffusion coefficients, but no interpre- 
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tation is offered by Breyer. It is noteworthy that 
the limiting currents of 0.01.17 phenylarsonic acids 
in 0.1.N lithium chloride are about one-fifth as great 
as those found in moderate concentrations of strong 
acid in this laboratory. Apparently, the diffusion 
current is not fully developed in the unbuffered salt 
solutions (v.7.). Also, in the unbuffered medium, the 
decreased acidity at the electrode surface, resulting 
from the arsonic acid reduction, may affect the 
half-wave potential. 

Our results on the polarographic behavior of 
phenylarsonic acids at various acidities are sum- 
marized in Table I. The half-wave potentials are 
referred to the 8.C.E. The diffusion current data are 
28 76 which is called the 
“diffusion current constant”? by Lingane (11) and 


reported in terms of ig/Cm 


which is independent of the capillary characteristics. 

Fig. | illustrates the effects of variation in acidity 
upon the polarographic waves of the arsonic acids. 
[It shows that the arsonic acid wave is fully developed 
only within relatively narrow limits of acidity. The 
diffusion current corresponds to a six-electron  re- 
duction: 


AsO;H, + 6H*+ + 6e — —AsH, + 3H.0. 


From the diffusion currents of the acids and the 
assumption that the wave corresponds to a_ six- 
electron reduction, the following diffusion coefficients 
(in em*/see at 25°C) are calculated from the Ikovie 
equation: phenylarsonic, 7.6 xX 
phenylarsonic, 6.0 X 
7.3 X 10~°. 

These values seem reasonable in comparison with 


10-°; p-hydroxy- 
10-*; m-nitrophenylarsonic, 


the diffusion coefficient of benzoquinone (12) which 
is8.6 X 10~* em?/sec. The assignment of six electrons 
to the arsonic acid reduction is further confirmed by 
comparison of the diffusion current of the arsonic 
acid wave with that of the six-electron doublet wave 
in m-nitrophenylarsonic acid as discussed below. 

All of 


investigation are poorly developed and irreversible 


the arsonic acid waves studied in this 
waves. The half-wave potentials, in the pH range of 
optimum wave development, shift —0.07 v per unit 
increase in pH. The decrease in limiting currents at 
lower acidities (pH > 2) might be explained on the 
assumption that only the free undissociated acid, not 
the arsonate ion, ‘is reduced. The limiting currents 
in buffers of pH 2 
corresponds to the equilibrium concentration of the 


tf are somewhat greater than 


undissociated acid. The increment may be a kinetic 
current (13, 14) due to reformation of arsonie acid, 
as the latter is removed by reduction at the surface 
of the electrode. 

The arsonic acid wave can be used for quantitative 
determination of arsonic acids in 0.1 to 1N hydro- 
chloric acid as supporting electrolyte if the apparent 
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diffusion current is corrected for residual current 
and if it is measured at the proper potential (see 
Fig. 1). However, because of the above limitations, 
arsonic acids, with the exception of the nitro deriva- 
tives, are not suitable for amperometric titrations. 
Polarograms of m-nitrophenylarsonic acid in media 
of various hydrogen ion concentrations are shown 


TABLE I. Polarographic characteristics of aromatic arsonic 


acids 


Acidity Ey (S.C...) ia/(Cmii8) 


Phenylarsonie acid. Concentration: 9.31 « 10-4M 


6N HCl (—0.59*) (3.2*) 
IN HCl -0.89 9.9 
0.2N HCl 0.94 9.9 
0.1N HCl 0.96 10.0 
0.05N HCl 0.98 10.1 
Citrate buffer pH 3.0 1.18 9.4 


Citrate buffer pH 3.9 | Hydrogen-wave interferes badly 


p-Hydroxyphenylarsonie acid. Concentration: 7.08 & 10-4M 


6N HCl (—0.60*) 7.3") 
IN HCI -O.84 7.8 
0.2N HCl -0.91 8.7 
0.05N HCl 0.94 8.8 
pH 3.0 (citrate) (1.20*) G8") 


pil 3.9 (citrate) Hydrogen-wave interferes badly 


m-Nitrophenylarsonic acid 3.83 * 10° 4M 


0O.1IN HCl 0.92 (refers to ar 19.6** 


sonic wave) 


* These values are less accurate than the others because 
of interference of the hydrogen-wave with development of 
the limiting current. 


** Twelve electron reduction of both the nitro group 
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Fic. 1. Effeet of hydrochloric acid on the arsonie acid 
wave of 7.08 X 10°*M p-hydroxyphenylarsonie acid. HCI 
concentrations: (A) 6N, (B) IN, (C) O.2N, 

(D) 0.05N, (2) pH 3.0 (citrate buffer). 
in Fig. 2. In moderate concentrations of strong 
acid, e.g., 0.2N hydrochloric acid, the nitro group 
yields two waves; at lower concentrations of hydro- 
gen ion, e.g., pH 3, one wave only appears, the 
height of which is equal to that of the first wave in 
more concentrated acid medium. In 0.1 to 1N hydro- 
chloric acid the diffusion current of the second part 
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of the nitro doublet wave is one-half that of the 
first. The total diffusion current of the doublet nitro 
wave is equal to that of the arsonic acid wave. 
Evidently the following reactions account for the 
various Waves: 


—NO» + tH + le 
—+ —NHOH + H,0O 
NHOH + 2H* + 2¢e 
»—-NH, + HO 


First wave: 


Second wave: 


AsO;H, + 6H* + Ge 
>» —AsH, + 3H.O 


Third wave: - 
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-E(CORR.)VS. S.C.E 
Fic. 2. Effect of pH on the nitro waves of 2.27 K 10-4M 
m-nitrophenylarsonic acid. (A) pH 0.9 in HCl; (B) pH 
2.9 in oxalate buffer; (C) pH 6.9 in ammonium acetate. 


The half-wave potentials of the nitro to hydroxyl- 
amine waves in media of various hydrogen ion con- 
centrations are as follows: 


Medium Fy vs. S.C.E. 
0.2N Hydrochlorie acid -0.055 v 
Oxalate buffer: pH 2.9 0.147 
Ammonium acetate: pH 6.9 0.370 
IN Sodium hydroxide 0.70 


It is seen that /y,2 of the first nitro wave decreases 
approximately 0.05 v per unit increase in pH. The 
half-wave potential of the second nitro wave (hy- 
droxylamine to amine) in 0.2N hydrochloric acid is 
—0.33 v vs. S.C.E. 

Both of the nitro diffusion currents have been 
successfully used for quantitative polarographic de- 
terminations and for amperometric titration meas- 
urements. When the hydrogen ion concentration is 
greater than 1N, the first nitro wave is not well 
developed, and measurement of the diffusion current 
of the six-electron doublet wave is recommended. 
However, at smaller acid concentrations, the four- 
electron (first) diffusion current is superior to the 
six-electron (doublet) diffusion current for quanti- 
tative purposes. Note that there are significant vari- 
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ations of the wave characteristics with acidity, 
Hence, in quantitative methods employing different 
acidities, diffusion current measurements must be 
made at correspondingly different potentials. 


AMPEROMETRIC TITRATION WITH 
m-NITROPHENYLARSONIC ACID 


A pparatus.—A manual polarograph was used for 
all amperometric measurements. The titration cel] 
Was equipped with a gas inlet. tube which caused the 
nitrogen to impinge on the bottom of the cell, thus 
agitating the precipitate as it settles and providing 
thorough mixing. The cell was covered with a three- 
hole stopper which accommodated the salt bridge, 
dropping mercury electrode, and buret tip. A Kimble 
Normax 10-ml buret with s5-ml graduations was 
used for addition of reagent. A saturated calomel 
electrode was used as a reference electrode. 

Make up the mixture to be 
analyzed in a 100-ml volumetric flask and dilute to | 
volume. Transfer a 25-ml aliquot to an amperometric 


re sere 


General procedure. 


titration cell. Pass oxygen-free nitrogen through the 
solution for 10-15 minutes. Add 0.5 to 1.0 ml stand- ; 
ard m-nitrophenylarsonic acid. When the nitrogen 
has pass d through the solution for ten minutes, 
measure the current at the appropriate potential. 
Make further additions of reagent and corresponding 
current measurements so that three to five measure- 
ments are made on each side of the end point. Pass 
nitrogen through the solution after each addition for 
sufficient to reach or 
approach equilibrium. At the end of the titration, 
correct the measured currents for dilution by the 


time to allow the reaction 





added reagent and plot the titration lines to de- 
termine the end point. 

The m-nitrophenylarsonic acid reagent may be | 
standardized against a known amount of metal ion 
by the amperometric method or against standard 
base by the potentiometric method. 


Titration of Uranyl Ton 





Uranyl ion reacts with m-nitrophenylarsonic acid 


in slightly acid medium to form insoluble, yellow 
uranyl nitrophenylarsonate, UOsCgsHyNOeAsOs;. No 
analytical application of this reaction has been re- 
ported in the literature. 


The standard uranyl solution used in these ex- 
periments was prepared from Merck Reagent Grade | 
uranyl nitrate hexahydrate. The stock solution was | 
standardized by 
uranate and ignition to U;Os. 


precipitation of ammonium br} 

In these titrations, best results are obtained when f 
the titrations are carried out in acetate buffers. Inf 
the buffers employed, uranyl yields one pen 
wave. When gelatin is added as a maximum suppres | 
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sor, the wave is well developed and the diffusion 
current is well defined. 

The half-wave potential of the uranyl in the ace- 
tate buffer is —0.31 v vs. 8.C.E. A diffusion current 
is found between —0.50 and —0.80 v. In the ampero- 
metric titration of uranyl with nitrophenylarsonic 
acid, the current measurements are made at —0.50 
to —0.55 v. At these potentials, uranyl yields a 
diffusion current before the end point and the nitro 
reagent a four-electron diffusion current beyond the 
end point. 

Because of the complexing action of the acetate 
jon on uranyl and consequent effect on the solubility 
of the uranyl salt, the concentration of the acetate 
ion should not exceed 0.050M. On the other hand, if 
the concentration of acetate ion is less than 0.025M, 
the titration curve preceding the end point is not 
well defined. The pH should be controlled between 
4.0 and 4.5. At higher pH, the results are low due to 
formation of basic uranyl salts. At lower pH values 
the solubility of uranyl arsonate is too great to yield 
a satisfactory titration. 

The results of some titrations of 0.005M uranyl 
solutions are shown in Table II. The calculated 
amount of reagent is 3.13 ml. The amount found 
(in the absence of neutral salts) varies from 3.08 to 
3.11 ml. Hence, the accuracy is about —1 per cent 
and the precision about | per cent. 

Neutral salts, in general, bring about a positive 
error of about 3 per cent. The error is practically 
constant for 0.2 to 1.0M salt concentrations in titra- 
tions of 0.005M uranyl as shown in Table II. To 
eliminate possible salt error due to variation in salt 
concentration between 0.0 and 0.2M, it is recom- 
mended in the procedure to make the solutions 
0.3M in sodium chloride. Also it is noteworthy that, 
in uranyl titrations, the currents fluctuate con- 
siderably when sulfate is present in a concentration 
of 1.0M. 

Procedure-—To a sample containing 50-200 mg 
uranium, as uranyl, add 10 ml acetate buffer, being 
0.5M in acetic acid and 0.25M in sodium‘ acetate, 
and about 50 ml water. Add 2.0 g sodium chloride 
and 5 ml 0.1 per cent gelatin. Dilute to 100 ml. 
Titrate with m-nitrophenylarsonic acid solution 
which has been standardized against known amounts 
of uranyl in solitions prepared according to the 
above procedure. Make current measurements at 
—0.55 v one or two minutes after each addition of 
reagent. 

Results of titrations carried out according to the 
above procedure are precise to +1 per cent. They 
also show a significant trend toward more negative 
errors with increasing uranyl concentrations. Data 
are shown in Table IIT. Typical titration curves are 
shown in Fig. 3. 
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TABLE II. Titration of 25.00 of 0.00503M uranyl with 
0.0401M m-nitrophenylarsonic acid in 0.05M acetic acid 
0.025M Effect of ~indifferent 
electrolyte. 


sodium acetate. 


Conc of salt MI of reagent used 


No salt added 3.08, 3.06, 3.10, 3.11, 3.11 





NaCl KCI NH.NOs 
0.2M 3.23 3.21 3.27 
3.14 3.29 3.21 
0.4M 3.17 3.23 3.28 
3.19 3.22 3.15 
0.6M | 3.29 | 38.23 3.30 
| 3.17 3.23 3.26 
1.0M 3.30 3.31 3.17 
3.25 3.29 3 


TABLE III. 


Titration of uranyl 
0.0339M 
Titration medium: 0.3M NaCl; 0.005% gelatin 
0.025M NaAc-0.050M HAec 


Cone of reagent: 


| i . 
| Relative % 
error* 
observed 


Conc uranyl! (molarity) 


0.00400 +2.0 
0.00500 | +1.9 
0.00600 +1.2 
0.00700 | 0.0 
0.00900 | 0.0 
0.01000 | —0.2 
0.01200 —1.1 
Mean error +0.55 
Mean deviation from mean +1.0% 


* Reagent titer 
0.00700M uranyl. 


determined amperometrically with 














& 
on] 
-—~_ 



































} K 


2 3 é 5 
ML REAGENT 

Fia.3. Typical smperometric titration curve of 0.00509M 

uranyl nitrate with 0.0350M m-nitrophenylarsonie acid in 

0.025M sodium acetate—0.050M acetic acid. Ez = — 0.7 v. 
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Titration of Thorium 


Precipitation of thorium with phenylarsonic acid 
has been described by Rice, Fogg, and James (1). 
The results of the present investigation show that it 
is possible to titrate thorium with m-nitrophenyl- 
arsonic acid amperometrically. Thorium diarsonate 
is formed during the titration. Equilibrium is rapidly 
attained in this system, and the four-electron nitro 
diffusion current can be measured within one to two 
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Fic.4. Typieal amperometric titration curve of 0.00502M 
thorium nitrate with 0.08397. m-nitrophenylarsonie acid in 


O0.01M hydrochloric acid E, = —(3v 


5 ABLE IN Titration of thorium in 0.003M to 001M HCI 
with O.0398M m nitrophe nularsonic acid 
“) Devia 
Cone of thorium ©) Error tion from 
mean error 
0.00301. +1.8 +0.9 
0.00502 +1.4* +0.5 
1.1 +0.2 
0.00702 +-0.6 0.3 
0.0* 0.9 
0. 00802 +().7 0.2 
0.01003 +0.7 0.2 
Mean error +0.9 
Mean deviation from mean error £05 


* Carried out in 20°], aleohol. 


minutes after each addition of reagent. A typical 
titration curve is shown in Fig. 4. 

The thorium solutions used in these experiments 
were prepared from pure thorium nitrate tetra- 


D. Mackay, New York. 


Samples of this salt were assayed by ammonia pre- 


hydrate obtained from <A. 


cipitation and ignition to the oxide. The results 
indicate 100.7 per cent purity on the basis of the 
nitrate tetrahydrate. 

The solubility of thorium arsonate is increased by 
increase of acidity. On the other hand, the hydrolysis 
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of thorium increases with decrease of acidity. Ip 
0.1N hydrochloric acid, no satisfactory titration lines 
were obtained. In 0.005N to 0.01N hydrochloric 
acid, good results were obtained if the solutions 
were titrated when freshly prepared. Thorium solu- 
tions in moderately concentrated acid can be neu- 
tralized to pH 2.5 with dilute ammonia and were 
found to give good results when titrated immediately 
after neutralization. It is advisable to neutralize 
the arsonic acid reagent to pH 2.5 for use in this 
titration. 

Alkali and ammonium salts of chloride, sulfate, 
and nitrate in concentrations less than 1M do not 
affect the results of the titration. 

The addition of alcohol does not improve the 
result. 

Procedure.—Dissolve a sample containing 0.1-0.3 
g thorium in a little water acidified with 1 ml LV 
hydrochloric acid; then add 10 ml 0.5. ammonium 
chloride. If the thorium is in solution with a con- 
siderable amount of acid, carefully neutralize the 
solution to pH 2.0-2.5 with dilute ammonium hy- 
droxide. In either case, make the final solution to 
100 ml. Titrate the freshly prepared thorium solution 
with m-nitrophenylarsonic acid reagent which has 
been neutralized to pH 2.5. Make current measure- 
ments at —0.30 v, and allow one to two minutes 


after each addition of reagent for attainment of 
equilibrium. 

The results of titrations of various concentrations 
of thorium according to the recommended procedure 
are given in Table IV. It is seen that in a concen- 
tration range of thorium between 0.003 and 0.0LM 
the mean error is +0.9 per cent and the mean 


deviation from the mean error is +0.5 per cent. 


Titration of Zirconium 

Zirconium has been determined by precipitation 
with various arsonic acids and ignition to the oxide 
(1, 2, 3, 4). Under specified conditions it has been 
found possible to obtain well-defined titration curves 
for the titration of zirconium with m-nitrophenyl- 
arsonic acid. The product at the end point contains 
somewhat more than two moles of arsonate per mole 
of zirconium, and its composition is quite dependent 
on the acidity. 

The source of zirconium for these experiments was 


pure zirconium nitrate obtained from A. D. Mackay, | 


New York. This was converted to the = zircony! 
chloride octahydrate. Stock zirconyl solutions were 
prepared from the latter and standardized by the 
cupferron method. 

In the titration, equilibrium is attained slowly 


upon first additions of reagent, but with the accumu: | 


lation of precipitate in the system, the rate of attain- | 


ment of equilibrium is increased. Addition of 4 
suspension of washed zirconium diarsonate hastens 
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attainment of equilibrium somewhat in the early 
stages of the titration. 

In this investigation, the amperometric titrations 
of zirconium were carried out in hydrochloric acid 
medium. It was found that the acid concentration 
should be great enough to prevent formation of 
basic zirconium salts, which leads to low and _ ir- 
reproducible results. In the range of acidities in 
which the titration was found feasible, the results 
show a large positive titration error which increases 
in proportion to the concentration of hydrochloric 
acid. The addition of aleohol decreases this positive 
error and improves the titration in general. The 
data in Table V illustrate these observations. 

It is evident that the hydrochloric acid concen- 
tration must be closely controlled if reproducible 
results are to be obtained. 

Procedure.—Dissolve a sample containing 0.03 to 
0.10 g zirconium in 15.0 ml cone hydrochloric acid 
and 40 ml water. Add 20 ml ethyl alcohol and 10 ml 
0.1 per cent gelatin. Dilute to 100 ml and titrate 
with standard reagent making current measurements 
S.C.E. 
minutes after each addition of reagent for attainment 


at —0.5 v vs. and allowing one to two 
of equilibrium. Determine by this procedure the titer 
of the reagent against known amounts of zirconium. 

tesults of titrations of various concentrations of 
zirconium are given in Table VI. 

From these data it is apparent that fairly satis- 
factory results can be obtained in the titration of 
zirconium under closely controlled conditions. 

Titration of Stannic Tin 

The gravimetric determination of tin with phenyl- 
arsonie acid has been described by Knapper, Craig, 
and Chandlee (5). 

The used in the titration 
experiments was prepared from Mallinckrodt R.G., 
granulated = tin 


stannic tin solution 
treatment with warm, 
moderately concentrated hydrochloric acid and chlo- 
rine gas. The final mixture was 0.1.7 in tin and 1N 
in hydrochloric acid. 


metal by 


The amperometric titration of stannic tin with 
m-nitrophenylarsonic acid is feasible in 0.2-0.3N 
hydrochloric acid at —0.15 v vs. 8.C.E. Equilibrium 
is reached slowly in the system; usually ten minutes 
should be allowed after each addition of reagent 
before a reading is taken. 

Moderate concentrations of both hydrogen ion 
and chloride ion are necessary to prevent formation 
of basic salts. The minimum concentration for each 
of these ions appears to be 0.2./. Increase in con- 
centration of either of these ions increases the solu- 
bility of the stannic monoarsonate and results in a 
poorer titration curve. Best results are obtained in 
samples containing 0.06 to 0.12 g of tin in 100 ml 
solution. 
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Procedure.—Take for analysis a sample containing 
0.06 to 0.12 g tin in the stannic state. Add sufficient 
acid and water to make the solution 0.2 to 0.3N 
in hydrochloric acid and the final volume 100 ml. 
Titrate amperometrically at —0.15 v allowing 10-15 


TABLE V. Effects of hydrochloric acid and alcohol on the 
titration of 0.00548M zirconium with 0.0400M m-nitro- 


phenylarsonic acid 


| Per cent titration error 


Conc HCl } 
| Without alcohol 20% Alcohol 
0.6N | Indeterminate end +0.2% 
point 
1.2N +7.5 +2.0 
1.SN +11.5 +5.8 
2.4N +12.8 +-8.7 


TABLE VI. Titrations at various zirconium concentrations 
with 0.0400M m-nitrophenylarsonic acid in 20% alcohol, 
1.8N HCl, and 0.01% qelatin 


r 


Relative error in % 


Conc Zr 
Column A* | Column Bt 
0.0044M +7.5 +2.2 
0.0055.M +5.6 +0.3 
0.0066. +4.9 —0.4 
0.0077M +3.4 —1.9 
0.0088. +5.6 +0.3 
0.0099. +4.7 —0.6 
0.0110M +5.2 —0.1 
Mean error (A) or deviation (B +5.3° +0.8% 


* Results based on reagent titer obtained from. titra- 
tion with standard base. 

t Results based on mean reagent titer obtained from 
titration of 


amperometric known amounts of zirconium 


by the procedure outlined above 


TABLE VII. Titration of stannic tin with 0.04M reagent in 


0.25N HCl 
oo ©), Relative error 
deviation from mean 

0.00510.M 1.6 
0.00612M +1.8, 2.0 
0.00714M 0.5, 1.4 
0.00817. 0.9, 1.1 
0.00918 M +1.1, +2.4, +3.3 
0.01020M 0.7, 0.7 

Mean deviation from mean +1.5°% 


minutes for equilibrium to be reached after each 
addition of reagent up to the end point. 

From one and one-half to two hours is required 
for a titration. However, two or three titrations may 
be carried out simultaneously without a much greater 
time requirement. Results of some titrations are 
shown in Table VII. 


The rather unsatisfactory precision in this method 
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may be attributed largely to the uncertainty of the 
values on the precipitation line. These values are 
not true equilibrium values but for practical purposes 
are taken at a time when the rate of change of 
current with time has become nearly constant. 


Titrations of Titanium and Bismuth 


Determinations of titanium (3) and bismuth (7, 8) 
gravimetrically with phenylarsonic acids have been 
recommended In the present study, amperometric 
titrations of these metals with m-nitrophenylarsonic 
acid have not been found to be feasible. In acid 
concentrations great enough to prevent formation of 
basic bismuth compounds of indefinite composition, 
bismuth arsonate is so soluble that good ampero- 
metric titration lines are not obtained. In ampero- 
metric titrations of titanium, the product at the end 
point has been found to vary in composition between 
1 and 14 moles of arsonate per mole titanium. Under 
all conditions tried, the results were irreproducible. 


Compositions of Nitrophenylarsonates Formed 
during Titrations 


It is evident from amperometric titrations that 
when m-nitrophenylarsonic acid is gradually added 
to stannic tin a monoarsonate is formed. Titanium 
reacts in the same fashion as has been shown by 
adding various amounts of reagent to titanic solu- 
tions and determining the unreacted titanium in the 
supernatant liquid. Similar experiments have been 
carried out with zirconium in 1N hydrochloric acid 
and with thorium in 0.01N hydrochloric acid. In 
these experiments the unreacted metal ions were 
determined by ammonia precipitation. The results 
indicate that the zirconium is first precipitated as 
the monoarsonate with m-nitrophenylarsonic acid 
and that the thorium is precipitated as the diarsonate 
without first forming the monoarsonate. 

It is thought that the 
formed by simple displacement reactions involving 


monoarsonates may be 


chloro complexes or oxy-ions of the metal, viz., 


SnCl,** + H.R — SnCl.k + 2H* 
TiOo** + HR— TiOR + 2H 


in which H./? is the reagent. 

The tin precipitate was analyzed for chloride. 
Dependent upon the mode of washing of the pre- 
cipitate, the chloride content varied between 0.6 
and 0.3 mole per mole tin. Apparently the pre- 
cipitate, is a mixture of SnOR and SnCl.FR or of 


Sn(OH) 2» CLR. 


Reaction of the Monoarsonate with Excess Reagent 


Formation of the diarsonates of thorium and zir- 
conium is observed under the conditions described. 
From evidence given above, it is known that zir- 
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conium is precipitated first as the monoarsonate, 
and it is apparent that the formation of the di- 
arsonate involves addition of a 
reagent to the monoarsonate 


mole of 
Since the latter re- 
action takes place rapidly, it «s not distinguishable 
from the primary reaction in an amperometric ti- 
tration. With stannic tin, however, the secondary 


second 


reaction takes place relatively slowly. Consequently, 
the stannic tin may be titrated amperometrically to 
the monoarsonate end point without interference 
from the secondary reaction. Upon shaking with a 
25 per cent excess of reagent, the monoarsonate 
combines very slowly with the excess arsonic acid, 
and at equilibrium the reagent concentration js 
nearly that found when tin is in excess during for- 
mation of the monoarsonate. Addition of reagent 
beyond this concentration brings about a definite 
increase in the equilibrium concentration of reagent. 

Since the reagent concentration does not remain 
constant during the formation of the second com- 
pound, it is doubtful that a separate second solid 


TABLE VIII. The reaction of SnR with m-nitro- 
phenylarsonic acid 
Medium: 0.25N HC! 


Reagent added Molar reagent (SnRi.5 (SnRi.s) _ K 
Sn added Conc (SnkR) (SnR) (R 7 

(molar ratio) (after 12 days 
1.25 0.067 0.17 0.66 
1.50 0.27 0.34 0.65 
1.75 0.68 0.42 0.51 
2.00 0.93 0.64 0.67 
2.25 1.62 0.55 0.43 
2.50 1.94 0.77 0.55 


phase is produced. The formula of the second com- 
pound appears to be SnR,.5. If this product. is in 
solid solution equilibrium with the monoarsonate and 
reagent, the following relationship should exist: 


r = _ Snk,1.5) 
(SnR)(R)°>° 


To test this hypothesis a few values of K have 
been calculated from the experimental data. The 
results are shown in Table VIII and lend support to 
the solid solution hypothesis. 

Titanium monoarsonate reacts similarly to stannic 
monoarsonate with an excess of m-nitrophenylarsonic 
acid. The secondary reaction is much more rapid in 
the case of titanium and is not distinguishable from 
the primary reaction in an amperometric titration. 


SUMMARY 


Concentrations of hydrochloric acid are given at 
which the arsonic group in arsonic acids is reduced 
at the dropping electrode to the arsine group. This 
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reaction involves six electrons. m-Nitrophenylarsonic 
acid is a suitable reagent for the amperometric titra- 
tion of some cations which precipitate as arsonates. 
In such titrations the excess of reagent line is de- 
termined at potentials at which the nitro group is 
reduced to the hydroxylamine (4 electrons) or to 
the amine (6 electrons). Procedures are given for 
the amperometric titration of uranyl, thorium, zir- 
conium, and stannic tin. With the reagent denoted as 
H.R, the composition of the precipitates at the end 
point correspond to UO.R, ThR., ZrRs, and SnR, re- 
spectively. Zirconium first precipitates as the mono- 
arsonate which is readily transformed into the di- 
arsonate by an excess of reagent. Sn reacts slowly 
with an excess of reagent to give SnR,.5. Quali- 
tatively, titanium (IV) like tin (IV). 
Thorium reacts directly to form the diarsonate. 


behaves 


Any discussion of this paper will appear in a Dis- 
cussion Section, to be published in the December 1951 
issue of the JOURNAL. 


AMPEROMETRIC TITRATIONS 
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The Electrodeposition of Copper-Lead Alloys’ 


A. L. FerGuson AND NELSON W. Hovey? 


Chemistry Department, University of Michigan, Ann Arbor, Michigan 


ABSTRACT 


A number of solutions from which copper-lead alloys might be deposited were in- 
vestigated. The most promising of these, a evanide-tartrate solution, was studied in 
detail. The effeets on alloy composition, single metal potentials, and alloy potentials 
were determined for all of the possible variables, using a rotating cathode setup. The 
alloys were hard and brittle except those containing a high percentage of lead. Repro- 


ducibility was satisfactory at any given time, but the lead content of the deposits in- 





creased as the solution aged. 


INTRODUCTION 


Copper-lead alloys are manufactured at the pres- 
ent time either by casting or by the method of 
powder metallurgy. One very important use for this 
type of alloy, containing from 60-70 per cent copper, 
is for automotive bearing liners. An electrodeposi- 
tion process would offer definite advantages over 
these other methods. 

Certain difficulties in the commercial electrodep- 
osition of copper-lead alloy possessing the requisite 
properties are readily forseen. The solid solubilities 
are unfavorable, the alloy being primarily of the 
mixture type. The normal electrode potentials are 
relatively far apart, thus making electrodeposition 
from simple salt solutions impossible except where 
high polarization of the more noble metal is in- 
volved. Many of the salts of these metals, especially 
those of lead, are insoluble, thus limiting the anions 
which may be present in the solution. Relatively 
thick deposits are required for practical purposes, 
in which case the solution would have to be suitable 
for high speed plating. This means that a large re- 
serve of the two metal ions in the solution must be 
maintained. The chemical and physical variables 
must not be too critical. 

There have been a number of reports of copper- 
lead alloy deposition during the past fifteen years. 
Marino (1) patented a process for plating copper- 
lead alloys from the metal tartrates, paratartrates, 
Belyaev, Valeeva, and 
Hel’man (2) and Belyaev, Markova, and Hel’man 


or oxalates in ammonia. 
(3) reported electrodeposition of the alloy from solu- 
tions of the benzenedisulfonates. Bagley, Bagley, 
and Berdan (4) obtained a patent covering the elec- 

' Manuscript received June 22, 1950. This paper, prepared 
for delivery before the Chicago Meeting, October 12 to 15 
1949, Nelson W. 
Hovey to the University of Michigan in partial fulfillment 


abstracted from a thesis presented by 
of the requirements for the degree of Doctor of Philosophy. 
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fluo- 
borates or fluosilicates of the metals. In the course 


trodeposition of copper-lead alloys from the 


of their study of the structures of electrodeposited 
copper alloys, Meyer and Phillips (5) obtained 
copper-lead alloys by adding sodium plumbite to 
their standard copper bath. Roszkowski, Hanley, 
Schrenk, and Clayton (6) reported the electrodepo- 
sition of copper-lead alloys from an ethylenediamine 
solution. Hashimoto (7) described a process for plat- 
ing bearing surfaces with copper-lead alloy using a 
solution containing copper nitrate and lead fluo- 
Bollenrath (8) and Beerwald and Dohler 
(9) have published results of studies of copper-lead 


silicate. 


plating baths of the alkaline citrate or tartrate type. 
Young and Struyk (10) described unsuccessful at- 
tempts to plate copper-lead alloys of acceptable 
quality from fluoborate solutions. 

The purposes of the present investigation were: 
(a) the examination of some of the more promising 
copper-lead alloy plating solutions described in the 
literature, (b) the preparation of new types of solu- 
tions, (c) the selection of one of these for intensive 
study, and (d) the study of the effects of all of the 
variables for the solution selected in order to obtain 
fundamental information which might at some fu- 
ture time be utilized in the development of a com- 
mercial copper-lead alloy plating process. 


RESULTS OF PRELIMINARY WorkK 


Approximately 170 ml of each solution to be 
tested were placed in a rectangular plastic cell with 
flat electrodes at each end and subjected to electrol- 
ysis under various conditions of temperature, cur- 
rent density, and agitation. The static potentials of 
copper, lead, and the deposit, and the dynamic 
cathode potential were measured using a saturated 
calomel electrode and a precision potentiometer. 
The deposits were checked for hardness, ductility, 
brightness, surface structure, and composition. 

Many different types of solutions were prepared 
and electrolyzed. The extent to which each solution 
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was investigated was determined by the degree to 
which it appeared to meet the requirements of a 
successful copper-lead alloy plating bath. The follow- 
ing solutions showed little promise and were studied 
only superficially: (a) ammonium tartrate, sodium 
hydroxide, copper acetate, and lead acetate; (b) 
sodium thiosulfate, copper acetate, and lead ace- 
tate; (c) sodium pyrophosphate, copper acetate, and 
lead acetate; (¢) sodium hydroxide, ammonium hy- 
droxide, copper acetate, and lead acetate; and (e) 
sulfamic acid, copper sulfamate, and lead sulfamate. 

The solutions which were studied with reasonable 
thoroughness are listed below with a brief summary 
of the experimental results obtained with each solu- 
tion. The compositions given merely indicate the 
general type of solution since in most cases the solu- 
tions were modified as the work progressed in an 
effort to improve the alloy deposit and to obtain 
various alloy compositions. 

Fluoborate.—The solution described in the Bagley 
patent (4) contains 240 g/l of hydrofluoric acid, 
116 g/l of boric acid, 70 g/l of copper carbonate, 
and 50 g/l of basic lead carbonate. The static metal 
potentials were about 0.5 volt apart and no alloy was 
obtained under normal plating conditions. Alloy 
deposits were obtained in a still bath containing a 
high concentration of lead and a very low concen- 
tration of copper but these deposits were of poor 
quality. 

Perchlorate-—The solution contained 300 g/1 of 
72 per cent perchloric acid, 100 g/l of copper car- 
bonate, and 200 g/l of basic lead carbonate. The 
static metal potentials were about 0.1 volt closer 
together than in the fluoborate solution but, in gen- 
eral, these two solutions were very similar in their 
characteristics. 

Acetate.—The solution contained 400 g/l of am- 
monium acetate, 20 g/l of sodium hydroxide, 100 
g/l of copper acetate, and 190 g/1 of lead acetate. 
The static metal potentials were about 0.5 volt 
apart. Due to the high polarization of copper, it was 
possible to obtain alloy deposits from this solution. 
The deposit composition was difficult to control and 
the alloy obtained was only fair in quality. 

Cyanide.—The solution contained 560 g/1 of so- 
dium hydroxide, 98 g/l of sodium cyanide, 72 g/1 of 
cuprous cyanide, and 227 g/1 of lead acetate. The 
static metal potentials were practically equal but 
the polarization of copper was so great that only 
high lead content deposits were obtained. 

Tartrate-——The solution contained 200 g/1 of so- 
dium potassium tartrate, 400 g/l of sodium hy- 
droxide, 120 g/l of copper acetate, and 232 g/l of 
lead acetate. The static metal potentials were about 
0.4 volt apart, copper being the more noble. The high 
polarization of copper made it possible to obtain 
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alloy deposits but these deposits were of very poor 
quality. 

Tartrate-citrate.—The solution as given by Bollen- 
rath (8) contained 56 g/l of potassium tartrate, 180 
g/l of potassium citrate, 30 g/l of potassium 
hydroxide, 14 g/l of copper hydroxide, and 58 g/I of 
lead acetate. The static metal potentials were about 
0.2 volt apart, copper being the more noble. Moder- 
ately bright and very smooth deposits were obtained 
but the deposits showed a tendency to develop nu- 
merous cracks if the 
0.025 mm. 


thickness exceeded about 


Cyanide-tartrate. 
tion 


The composition of the solu- 
the basis of rather extensive 
preliminary work is given in Table I. This was the 
most promising of the solutions studied and was 
selected for detailed investigation. 


formulated on 


EXPERIMENTAL MetrHops FoR Work ON CyYANIDE- 
TARTRATE SOLUTIONS 

Solutions.—The C.P. chemicals used were weighed 
to the nearest 0.1 g. 

The plating cell.—The container for the plating 
solution was a 250 ml beaker. A Bakelite baffle fixture 
consisting of two discs with four symetrically ar- 
ranged vertical baffle plates between them was placed 
in the beaker. The inside, beveled edges of the baffle 
plates were spaced just far enough apart to allow 
the cylindrical cathode with its deposit to rotate 
without rubbing. The cathode was inserted through 
a hole in the center of the top dise and a narrow 
section of this dise was cut out to provide for the tip 
of a calomel electrode. The capacity of the cell with 
the baffle and cathode in place was about 180 ml. 

Electrodes—Hollow cylindrical anodes were used. 
These anodes were fitted snugly against the inside 
of the plating cell and served to hold the baffle fix- 
ture in place. The anode material was electrolytic 
copper except in the study of the anode process where 
copper-lead alloy was used. 

Both platinum and polished brass cathode sur- 
faces were used. The brass surface was obtained by 
slipping a brass cylinder 3's in. (0.08 em) thick, 1% in. 
(4.45 em) long, and having an OD of § in. (1.59 em) 
over a threaded steel rod of the proper dimensions. 
The platinum surface was obtained by placing a 
platinum cup over a threaded steel rod similar to 
the one used for the brass cylinders. The threaded 
steel rod, with either a brass cylinder or a platinum 
cup in place, was screwed into the lower end of the 
vertical spindle used to rotate the cathode. Contact 
was made to the rotating spindle by means of a 
platinum wire extending into a pool of mercury 
placed in a small hole drilled into the top of the 
spindle. 
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Agitation.—The solutions were stirred by rotating 
the cathode at a constant, measured speed. 

Potential measurements.—A special saturated cal- 
omel electrode having a narrow sealed tip was used. 
A very small hole was blown in the outside of the 
tip near the sealed end and this hole was placed 
opposite the center of the cathode (vertically) and 
at a fixed distance from its surface in all runs. The 
potential of the cathode during the plating run, the 
static potential of the alloy, and the potentials of 
pure copper and pure lead immersed in the solution 
were measured with reference to the saturated cal- 
omel electrode by means of a Queen-Gray precision 
potentiometer and a Leeds & Northrup lamp and 
scale galvanometer. 

Examination of deposits—-The deposits were 
checked for relative brightness, smoothness, hard- 
ness, and surface structure but no quantitative 
measurements of physical properties were made. The 
deposits on platinum were stripped with nitrie acid 
and analyzed by electrodeposition. The deposits on 
brass were covered with clear lacquer and preserved 
as a permanent record of the various experiments. 


TABLE I. Compositions of original and modified solutions 


Component Solution A Solution B 


NaCN 196.0 g/l 147.0 g/l 
CuCN 179.2 150.6 
NaOH | 10.0 10.0 
NakC,H,0,-4H.,0 70.5 211.7 


Pb(C.H,0.2).-3H2O 9.5 75.9 


EXPERIMENTAL RESULTS OBTAINED WITH CYANIDE- 
TARTRATE SOLUTIONS 

The compositions of the original solution formu- 
lated on the basis of preliminary work not described 
in this paper and that adopted later are given in 
Table I. These solutions will be designated here- 
after as solution A and solution B, respectively. 

The principal objection to solution A was its low 
lead content since this resulted in considerable con- 
centration polarization. Because of this polarization 
effect, temperature, current density, and rate of 
cathode rotation were critical variables. 

Information obtained in studies of the effects of 
sodium hydroxide and of sodium potassium tartrate 
on electrode potentials and deposit composition led 
to the development of solution B. This solution con- 
tained eight times as much lead (as lead acetate) as 
did solution A. In spite of this increase, the static 
lead potential was more negative in solution B than 
in solution A. 

The results obtained in the study of the variables 
are in most cases presented in graphical form to 
conserve space. Four curves are shown in all of the 
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graphs except those pertaining to current density 
and rate of cathode rotation. Three of these are po- 
tential curves and include the static potentials of 
the individual metals measured just before each 
plating run and the dynamic cathode potential meas- 
ured during the last minute of each run. The static 
potentials show the effect of the indicated variable 
on the concentrations of the copper and lead ions in 
the solution. The dynamic cathode potentials give 
the sum of the static alloy potential and the polari- 
zation potential. The static alloy potentials have 
been omitted from the graphs to avoid crowding, but 
the polarization (dynamic alloy potential minus 
static alloy potential) is discussed in the text where 
a significant change was noted. All potentials are 
relative to the normal hydrogen electrode and, since 
they are negative to this electrode in every case, the 
sign of the potential has been omitted. 

Each of the curves shown was based on at least 
five experimental points, well distributed over the 
range covered. Since the curves were drawn to pass 
through all of these points, the actual data points 
used have not been designated. 

Solution compositions are indicated by reference 
to Table I plus a description of any modification 
made in the solution. The plating conditions, unless 
otherwise indicated, were as follows: temperature, 
10°C; cathode rotation, 1900 rpm (317 ft/min); dura- 
tion of plating period, 24 min; current density, 30 
amp/ft? (3.3 amp/dm?). 

The potential measurements and deposit com- 
positions shown in Fig. 3 to 12 were obtained in runs 
using a platinum cathode surface. Duplicate runs 
were made using a brass cathode surface. Space does 
not permit reproduction of photographs of these 
deposits. However, to present a general idea of the 
appearance of the deposits and to indicate the im- 
provement resulting from changes in the solution, 
photographs of deposits obtained under comparable 
physical plating conditions are shown in Fig. 1 and 2. 


Sodium Hydroxide 


Five solutions similar to solution A, except that 
the sodium hydroxide concentrations were 0.0, 10.0, 
41.3, 72.3, and 135.0 g/l, were used. The plating 
conditions were as previously given except that the 
temperature was 55°C, 

The polarization (difference between the potential 
of the cathode just before and just after opening the 
plating circuit) decreased from 0.183 volt with no 
sodium hydroxide to 0.069 volt’ with 43.0 g/l, but 
remained nearly constant with further increase in 
sodium hydroxide concentration. 

Fig. 3 shows the effects of increasing sodium hy- 
droxide concentration on the static potentials of 
copper and lead and on the dynamic cathode po- 
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tential as measured just before the circuit was opened 
at the end of each run. The change in the static lead 
potential to more negative values was probably due 
to the effect of hydroxyl ions in shifting the equi- 
librium given below toward the right: 


Pbt* + 40H- = PbO? + 2H.0. 


The effect of sodium hydroxide on the static copper 
potential is not so readily explained. The initial shift 
to more negative potentials may have been due to 
repression by the strong base of the hydrolysis of 
sodium cyanide, thus increasing the cyanide ion 
available for complex formation. At higher concen- 
trations, the effect of increasing the sodium hy- 


Sef 3<B 3-C a 








er 


Fig. 2. Deposits from solution B 
if 


droxide concentration was to give a less negative 
copper potential and this suggests the formation of a 
less stable copper complex. 

The dynamic cathode potential (which has been 
labeled “cathode potential” in the graphs) is nearly 
constant which means that the decrease in polariza- 
tion previously mentioned was offset by increasingly 
negative static alloy potentials corresponding to de- 
creaced lead ion concentration. 

For the low concentrations of sodium hydroxide, 
the alloy composition curve shows a minimum which 
appears to be associated with the minimum in the 
static copper potential curve. As the two static po- 
tential curves diverged, the copper content of the 
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alloy became greater, as is to be expected since copper 
was the more noble metal in this solution. 


Sodium Cyanide 


Five modifications of solution A containing 3.0, 
3.5, 4.0, 4.5, and 5.0 moles/1 of sodium cyanide were 
prepared and used for runs under the previously 
described conditions. 

The polarization increased from 0.131 volt to 0.32: 
volt. Of this 0.192 volt increase, 0.180 volt came in 
the change from 4.0 to 5.0 moles/l where the sodium 
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cyanide was in excess ‘of the theoretical requirement 
for the formation of the cuprocyanide complex. 

Fig. 4 shows the effects of sodium cyanide con- 
centration on the measured potentials and on the 
composition of the deposits. The static copper po- 
tential became more negative as the copper ion was 
more completely tied up in the cyanide complex. 
The slight change in the static lead potential was 
probably due to the effect of sodium cyanide in pro- 
ducing a more alkaline solution through hydrolysis. 

The dynamic cathode potential became much more 
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negative corresponding to ore negative static alloy 
olarization. 


The composition curve shows that cyanide con- 


potentials and to increa 


centration is a critical variable especially above and 
below the theoretical 2 to 1 ratio of sodium cyanide 
to cuprous cyanide which roughly corresponds to 
the nearly flat portion of the curve. 


Sodium Potassium Tartrate 


Solution A was modified by varying the sodium po- 
tassium tartrate concentration to give solutions con- 
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ia. 6. The effect of lead acetate concentration 


taining 0.018, 0.125, 0.250, 0.375, and 0.500 mole/1. 

The total increase in polarization amounted to 
0.036 volt. 

The curves given in Fig. 5 show that increasing 
the tartrate concentration decreases the concentra- 
tion of lead ion in the solution since the static lead 
potential becomes more negative. The change in the 
static copper potential is somewhat similar to that 
noted with increasing sodium hydroxide concentra- 
tion (Fig. 3) and may be due to the base produced in 
the hydrolysis of the tartrate. This could also ac- 
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count for part of the effect in the case of the static 
lead potential. 

The variation on the dynamic cathode potential 
cannot be readily explained. The initial increase jn 
negative potential was probably due to an increase 
in polarization but there is no apparent reason for 
the subsequent shift to more positive values. 

No definite relation between the composition curye 
and the potential curves appears to exist. 


Lead Acetate 


In order to prepare a series of solutions containing 
a wide range of lead acetate concentrations, it was 
necessary to completely change solution A. The 
changes were as follows: sodium cyanide from 196.0 
to 171.5 g/l, cuprous cyanide from 179.2 to 161.3 g/1, 
sodium hydroxide from 10.0 to 40.0 g/1, and sodium 
potassium tartrate from 70.5 to 211.7 g/l. Seven 
solutions were prepared with the lead acetate con- 
centration varied from 0.0 to 0.30 mole/1. 

The polarization with no lead acetate in the solu- 
tion was 0.404 volt. With 0.0075 mole/1 of lead ace- 
tate, the polarization dropped to 0.196 volt. With 
further increase in lead acetate concentration, the 
polarization decreased slowly to a minimum of 0.085 
volt. 

The curves given in Fig. 6 show that the concen- 
tration of lead acetate is not a critical factor above 
a concentration of 0.15 mole/I. 

The alloys obtained in the noncritical range were 
much lower in copper content than desired but it was 
later found that the copper content could be in- 
creased by adjusting the concentrations of sodium 
cyanide and cuprous cyanide. 


Cuprous Cyanide 


The solutions prepared for the study of the effect 
of cuprous cyanide concentration were modifications 
of solution B (Table I). These solutions contained 
1.30, 1.40, 1.55, 1.60, 1.65, and 1.70 moles/1 of 
cuprous cyanide. The corresponding cyanide ratios, 
expressed as moles of sodium cyanide per mole of 
cuprous cyanide are: 2.31, 2.14, 1.93, 1.87, 1.82, 
and 1.76. 

The effect on polarization of increasing the cuprous 
cyanide concentration was not significant, the ex- 
tremes being 0.062 and 0.089 volt. This was to be 
expected since the solutions contained sufficient lead 
acetate to minimize the concentration polarization 
which, no doubt, accounted for the high polarization 
noted in the study of the effect of sodium cyanide 
concentration. The solution used for the study of 
the latter variable contained only about } as much 
lead acetate. 


Fig. 7 shows the effects of increasing the concen- 


tration of cuprous cyanide in solutions having identi- 
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cal concentrations of sodium cyanide. If these curves 
were plotted using decreasing concentrations of 
cuprous cyanide as abscissas they would be fairly 
similar to those given in Fig. 4, since the variable in 
each case is actually the ratio of sodium cyanide to 
euprous cyanide. However, this apparent duplica- 
tion of a previous series of runs was made necessary 
by the considerable modification of solution A_re- 
sulting from the study of the effect of lead acetate 
concentration. 

A sodium cyanide concentration of 4.0 moles/1 in 
Fig. 4 gives the same cyanide ratio as a cuprous 
cyanide concentration of 1.5 moles/1 in Fig. 7. 

The alloy composition curve is seen to be closely 
related to the curve for the static copper potential. 
The steep slope of the composition curve indicates 
that cyanide ratio is a very critical variable. 


aor , , 7 y . ¥ 190 
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Fic. 7. The effect of copper concentration 


Replacement of Sodium Ton by Potassium Ion 


A solution containing potassium compounds in- 
stead of sodium compounds was prepared and used 
for electrodeposition in order to determine what 
effect this replacement has on the deposits, especially 
on the hardness. It was found to be impossible to 
prepare a solution using potassium compounds hav- 
ing the concentration of solution B. The solution 
used was equivalent to a 1-1 dilution of this solution. 
The usual plating conditions were used except that 
the temperature was 60°C. 

The replacement of sodium ion by potassium ion 
produced no significant change either in the nature 
or the composition of the deposit. 


Replacement of Tartrate by Citrate 


The solution used was equivalent to a 1—1 dilution 
of solution B except that the sodium potassium tar- 
trate was replaced by an equivalent quantity of 
sodium citrate and the sodium hydroxide concentra- 
tion was doubled. The extra sodium hydroxide was 
hecessary to prevent precipitation of lead hydroxide, 
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the citrate appearing to be less effective than the 
tartrate in holding lead in solution. The usual plating 
conditions were used except that the temperature 
was 60°C. 

The citrate solution was very similar to a solution 
of equivalent concentration in which sodium potas- 
sium tartrate was used. The potentials, deposit com- 
positions, and characteristics were essentially un- 
changed by the replacement. 


Hydrogen Ion Concentration 


Since pH is often an important variable in a plat- 
ing solution, this factor was studied in spite of the 
very narrow range over which it could be varied. 
By the addition of acetic acid to solution B, the pH 
was decreased from 13.6 to 13.0. This was the lowest 
pH attainable without causing precipitation. By add- 
ing sodium hydroxide, the pH was increased to 13.8. 
These two solutions were compared with solution B 
after adjusting all three to the same concentration 
as nearly as possible. The pH values were obtained 
by means of pH papers and must be regarded as 
rough approximations. 

The static potentials of copper and lead became 
more negative as the pH was increased but the 
effect was small in the case of copper. The polariza- 
was 0.070 volt higher at the lowest pH than at the 
highest. The copper content of the deposits increased 
by about 27 per cent in going from the lowest to the 
highest pH. The deposit from the low pH solution 
was much inferior to those obtained at the higher 
values. The pH of solution B was about right, and, 
being very high, was not subject to any significant 
change during electrolysis or during storage of the 
solution. 


Ammonia 


The concentration of ammonia was treated as a 
variable since the ammonia formed in the aging of 
some highly alkaline cyanide baths has been ob- 
served to produce significant improvement in the 
deposits obtained. Solutions were prepared by adding 
20 ml of concentrated ammonium hydroxide to one 
180 ml portion of solution B and 20 ml of water to a 
similar portion. Since this large addition of am- 
monium hydroxide produced relatively small changes 
in the potentials and the deposits, no detailed study 
of this variable was made. 

The effect of the added ammonium hydroxide was 
to make the static copper potential 0.031 volt more 
negative and the static lead potential 0.011 volt 
more negative and to decrease the copper content 
of the deposits by 17 per cent. Inasmuch as the test 
solution contained the equivalent of 100 ml of con- 
centrated ammonium hydroxide per liter, it is ob- 
vious that any ammonia formed by the breakdown of 
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the cyanide in the solution would have a negligible 
effect. 
Dilution 
To determine the effect of dilution, four dilutions 
of solution B were prepared and electrolyzed under 


the usual conditions except that a temperature of 
60°C was used. 
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Fic. 9. The effect of current density 


The effect of dilution on polarization was neg- 
ligible. The deposits improved somewhat in appear- 
ance with dilution, but the change was not great. 

The abscissas in Fig. 8 represent decreasing total 
concentrations obtained by diluting solution B and 
the figures indicate relative concentrations based on 
solution B as unity. 

The two static potential curves show a relatively 
uniform shift to more positive potentials with de- 
creasing total concentration. However, the slopes 
differ appreciably and the increasing copper content 
of the deposits with dilution is closely related to the 
divergence of these curves. 
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Alloy Anodes 


The limited work done indicated that the use of 
copper-lead alloy anodes is feasible. A more complete 
study of the anode process is desirable. 


Addition Agents 


No complete study of the effects of addition agents 
was made, but 19 such agents (nine metallic salts, 
eight organic compounds, and two inorganic sulfur 
compounds) were tried in the hope of reducing the 
tendency to form nodules. None of these was effee- 
tive in reducing nodule formation and very few pro- 
duced any significant brightening of the already 
relatively bright deposits. 


Current Density 
The solution used differed slightly from the com- 
position of solution B given in Table I but this would 
not affect the general trend of the measured po- 
tentials and with 
current density. 


alloy composition increasing 

Using a temperature of 60°C, runs were made at 
20, 30, 40, 50, and 60 amp/ft? (2.2, 3.3, 4.4, 5.6, and 
6.6 amp/dm?). The plating periods were adjusted 
according to the current density used so that they 
were equivalent to the usual 24 minute plating 
period. 

The best looking deposit was obtained at the 
lowest current density but even at the highest cur- 
rent density the deposit was bright and smooth 
except for a few fairly large nodules. 

The polarization increased by only 0.035 volt over 
the entire range of current densities, indicating that 
solution B supplies ions for reduction at the cathode 
at a satisfactory rate even when a relatively high 
current density is used. 

The changes in cathode potential and copper con- 
tent of the deposits shown in Fig. 9 are the result 
of increased polarization with an increase in the 
current density and are to be expected. The polariza- 
tion effect is usually greater for the more noble metal 
except in solutions having a low total concentration 
of the less noble metal as was true of solution A. 

The statie alloy potential has been included in 
Fig. 9, 10, and 11 although this potential is of doubt- 
ful significance for an alloy of this type. A portion of 
the static alloy potential curve does appear to follow 
the alloy composition curve. 


Cathode Rotation 


Solution B was used and the temperature was 
60°C. Runs were made at cathode rotation rates of 
150, 500, 1000, 2000, and 3000 rpm (25, 83, 167, 
333, and 500 ft/min). 


The smoothest deposit was obtained at the high- | 
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est rate but the deposits with the exception of the 
one obtained at the lowest speed were very similar 
in appearance. 

Fig. 10 shows that the rate of cathode rotation is 
not critical above 1000 rpm (167 ft/min). The effect 
on polarization was not significant as shown by the 
fact that the curves for the static and dynamic alloy 
potentials practically parallel each other. 
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Fic. 11. The effect of temperature 


The available information does not furnish an 
explanation for the fact that the copper content was 
low and dependent upon rate of rotation at slow 
speed but practically independent of the rate of 
rotation at the higher speeds. The effect of agitation 
on the anode process may well be a factor. 

The small decrease in copper content noted at the 
highest rate of rotation was probably due to an aging 
effect. (to be discussed later) rather than to the in- 
creased rate of rotation. 
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Temperature 

Using solution B, runs were made at 30, 40, 50, 
60, 70, and 80°C. 

The deposits became smoother and brighter with 
increasing temperature. 

A decrease in polarization of 0.034 volt was noted 
between 30° and 40°C but there was little change 
with further increase in the temperature. 

As indicated by the curves in Fig. 11, the static 
potentials of copper and lead became somewhat more 
TABLE II. The reproducibility of the potential measure 
ments and the deposit composilions 


Solution compositions: Plating conditions: 


NaCN 147.0 g/l C.D. 30 amp/ft? 
CuCN 150.6 
NaOH 410.0 Temp 60°C 


NaKC,H,0, 211.7 


Pb(C2H;O02)2-3H,0 75.9 Rotation 1900 rpm 


Run No. 1 2 3 4 
Ee, (before) 0.459 0.460 0.459 0.459 
Eon (after) 0.457 | 0.458 | 0.456 | 0.456 
Ep, (before) 0.595 0.595 0.595 0.596 
Ep, (after) 0.596 0.597 0.597 0.597 
Eatin. (6 min) 0.645 | 0.644 | 0.645 | 0.644 
Ecatn. (12 min) 0.600 | 0.601 | 0.599 | 0.601 
E.ath. (18 min) 0.593 0.593 0.591 0.591 


Fath. (24 min) 0.587 | 0.587 0.585 0.586 


Eou-py (static) 0.512 0.513 0.511 0.510 
Polarization 0.075 0.074 0.074 0.076 
Per cent copper 72.56 | 71.13 | 71.01 70.95 

———- pa T ye 
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Fic. 12. The effect of aging the plating solution 


negative as the temperature was increased. No satis- 
factory explanation can be offered. 

The maximum in the composition curve is due to 
failure of the copper anode to corrode properly at the 
lowest. temperature used. This resulted in an ab- 
normally low copper content deposit in the first run. 
On standing in contact with the solution to be used 
for the second run, the anode film dissolved chemi- 
sally thus giving the solution a high-r copper concen- 
tration than it would normally have. During the 
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second run, the anode corroded properly with the 
result that the deposit had a relatively high copper 
content. For this reason, as far as the temperature 
effect at the cathode is concerned, the composition 
and cathode potential curves in Fig. 11 are signifi- 
cant only in the range 50°-80°C. Since the best 
deposits are obtained at high rather than at low 
temperatures, the runs at 30° and 40°C were not re- 
peated. In the range 50°-80°C, the composition of the 
deposits was nearly constant, indicating that tem- 
perature is not a critical variable in this range. 


Reproducibility 


Using solution B, four successive runs were made 
under the usual conditions except that the tempera- 
ture was 60°C. 

Table II shows the results obtained. Tables of 
this type were prepared for each of the factors in- 
vestigated but have not been included in this paper 
because of the space required. 

As will be evident from Fig. 12, reproducibility of 
alloy composition such as is shown in Table IT is not 
to be expected for deposits from solutions which 
have aged for different lengths of time. 


Solution Aging 


A large portion of solution B was prepared and 
runs were made over a period of 45 days. The usual 
plating conditions were employed. 

During the 45 day period, the polarization in- 
creased by 0.052 volt. In spite of a large change in 
composition, the deposits changed very little in ap- 
pearance. The curves shown in Fig. 12 do not offer 
any clear-cut explanation for the observed aging 
effect. 

The unexpected effect of aging on the composition 
of the deposits was of sufficient interest to justify a 
more thorough investigation, and this problem is 
considered in detail in another paper (11). 


CONCLUSIONS 


1. Of the solutions investigated, the cyanide-tar- 
trate type seems most suitable for the electrodeposi- 
tion of copper-lead alloys. 

2. All possible variables have been studied. Only 
the ratio of sodium cyanide to cuprous cyanide ap- 
pears to be critical as far as deposit composition is 
concerned. 


3. Under optimum conditions, bright smooth de- 
posits may be obtained, but these deposits are hard 
and brittle unless the lead content is relatively high. 

1. The plating solution formulated is not stable 
over a long period of time unless it is stored out of 
contact with air. 

5. The copper-lead alloy plating bath described in 
this paper is not, in its present stage of development, 
suitable for commercial use, especially for thick de- 
posits and the higher copper contents. 

6. Fundamental information has been obtained 
which may in the future be useful in developing prac- 
tical commercial processes. 

In most instances the results observed on changing 
the solution composition or the plating conditions 
are readily explained and are consistent with well- 
known generalizations. Some of the results which | 
are characteristic of the type of solution used in this 
study cannot be explained on the basis of the work 
done so far but are deserving of more intensive study. | 
Such an intensive study has already been made con- 
cerning the aging effect and is reported in another | 
paper (11). Similar studies of other factors are con- | 
templated. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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ABSTRACT 


Kiffects of aging in cyanide-tartrate plating solutions for copper-lead alloys were 
studied during a 50-day period by measurements of single metal potentials, statie and 
dynamic alloy potentials, oxidation-reduction potentials, alloy composition, and ab- 
sorption spectra of the plating solution. Similar measurements on a portion of the solu- 
tion stored under nitrogen established atmospheric oxidation as the cause of aging. 


INTRODUCTION 


During studies of the effects of several variables 
on the composition and properties of copper-lead 
alloys deposited from a cyanide-tartrate plating bath, 
it was reported that an aging effect was observed 
(1). Over a period of 45 days, the composition of the 
deposits changed from 71 per cent copper to 35 per 
cent copper, and the originally almost colorless solu- 
tion became a deep blue. A possible explanation 
would appear to involve an oxidation of part of the 
copper initially present in the univalent state as the 
colorless cyanide complex to the divalent state, which 
resulted in the formation of the blue complex with 
the tartrate present. 

The purpose of this investigation was to make a 
more intensive study of these effects in an attempt 
to disclose the cause of the aging and to suggest, if 
possible, a means of overcoming it. 


IX PERIMENTAL 


A large quantity of the cyanide-tartrate solution 
was prepared having the composition found by the 
arlier study to be most suitable: 


NaCN 147.0 g/l 
CuCN 150.6 
NaOH 40.0 
NakG,H,O0,¢-4H.0 211.7 
Pb(C2H,G2).-3H.0 75.9 


A series of plating runs was made at appropriate 


time intervals for 50 days, beyond which time the 


' Manuscript received June 22, 1950. This paper, prepared 
for delivery before the Chicago Meeting, October 12 to 15, 
1949, abstracted from a thesis presented by Albertine Krohn 
to the University of Toledo in partial fulfillment of the re 
quirements for the degree of Master of Science. 


changes produced by aging were no longer significant. 
To determine whether or not atmospheric oxygen 
was involved, a part of the solution was stored under 
nitrogen and an identical series of runs made using 
this solution. Measurements on this solution were 
stopped after 25 days since it appeared that further 
data were unimportant. 

The plating equipment was essentially that used 
for the previous work (1). 

All plating was done with a current density of 30 
amp/ft? (3.3 amp/dm?’) at a temperature of 40°C, 
with a platinum cathode rotating at 1750 rpm (292 
ft/min), and a copper anode. The plating period was 
25 minutes. 

Before and after each run, the static potentials of 
copper and lead in the solution were determined. 
During the plating period, dynamic cathode po- 
tentials were measured at 5 minute intervals. The 
static alloy potential was determined just after the 
plating current was shut off to make possible a cal- 
culation of polarization. The potential of platinum 
in the solution was measured before and after the 
plating period to determine any changes in the oxi- 
dation-reduction potential of the system. 

Each deposit was dissolved off the platinum cup 
cathode and electroanalyzed for its copper and lead 
content. 

Because of the complexity of the solution, no 
chemical analyses were made, since it appeared that 
in so doing, the equilibrium between the various 
forms of the constituents would be disturbed. In- 
stead, changes in composition of the solution were 
followed by periodically determining its absorp- 
tion spectrum using a Beckman quartz 
photometer. 


spectro- 
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Discussion OF RESULTS 
Potential Measurements 


The static potentials of copper and lead did not 
vary greatly throughout the experimental period. 
In general, they indicate no appreciable variation in 
the extent to which the copper and lead ions were 
tied up as a result of complex ion formation. 

Measurements made after the plating run showed 
that the statie copper potentials became more posi- 
tive, indicating that the copper anode had increased 
the concentration of copper ions in the solution. 
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Fic. 2. Dynamic cathode potentials; solution exposed to air 


The static lead potentials did not change markedly 
from their values before the run. Since there was no 
lead in the anode to replace that plated from the 
solution, the lead ion concentration apparently was 
not a critical factor. 

The oxidation-reduction potentials definitely were 
significant as shown by Fig. 1. Assuming that only the 
cuprous-cuprie system is involved, this graph indi- 
cates the relative extent of oxidation of the cuprous 
ion. While it is true that there are other oxidation 
reactions possible, the correlation between these po- 
tentials and the composition changes as indicated 
by the absorption spectra would seem to warrant 
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this assumption. Oxygen of the air evidently was the 
important factor since the solution stored under 
nitrogen showed greatly retarded effects. Some early 
oxidation did occur because of air dissolved during 
the preparation of the solution. In any case, the 
differences in the oxidation-reduction potentials of 
the two solutions are great enough to indicate that 
the process is not an auto oxidation-reduction 
reaction. 

Oxidation-reduction potentials measured after the 
plating period were more negative than those before 
plating in every case except the run made with the 
freshly prepared solution. This suggests that during 
the plating period of the aged solutions, the cupric 
ion concentration was decreased by reduction to 
cuprous ions at the cathode. The ratio of cupric to 
cuprous ions thereby became smaller resulting in a 
more negative value for the oxidation-reduction po- 
tential. Since oxidation was proceeding at a com- 
paratively rapid rate in the freshly prepared solution, 
the increase in cupric ions due to aging while the 
initial run was being made apparently more than 
compensated for the loss due to cathodic reduction. 
It is assumed here that the amount of copper ion 
introduced during the plating process was essentially 
constant for each run. 

As would be expected, the difference in the oxida- 
tion-reduction potentials before and after the plating 
increased as the aging process continued. That is, 
as the cupric/cuprous ion ratio becomes larger be- 
vause of aging, a relatively greater change in this 
ratio must occur during the plating period. After the 
first two days, this difference was small and nearly 
constant in the solution stored under nitrogen, indi- 
cating that the cupric ion concentration was no 
longer being increased by oxidation. 

The cathode potentials measured during the plat- 
ing process disclose some interesting facts. Fig. 2 
shows that the changes in the dynamic potentials 
were not regular throughout the plating period. Dur- 
ing the early runs, the potential showed a rapid 
increase during the 5-10 minute interval. By the 
eighth day, the most rapid increment in potential is 
observed to have occurred during the 10-15 minute 
period. On the tenth day, it appeared between 15 and 
20 minutes and on the twelfth day between 20 and 
25 minutes. By the eighteenth day the increase was 
practically constant during the whole plating period. 
It is probable that the shift would have been ob- 
served in the later runs had the plating period been 
sufficiently long. 

These potential shifts no doubt indicate a 
responding change in the composition of the alloy 


cor- 


being deposited. The copper content must increase 
since the potential becomes more positive. This 1s 
substantiated by the fact that the longer the shift 
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is delayed, the lower is the copper content of the 
alloy deposited in the 25 minute period. Further 
evidence of this will be discussed in 
connection with the composition of the deposits. 


correlation 


A possible explanation for these phenomena may 
be that, under the conditions of the experiment, the 
reduction of cupric to cuprous ions at the cathode 
takes precedence over the reduction of cuprous ions 
to the free metal. The more the cupric ion concentra- 
tion was increased by air oxidation, the longer the 
normal plating of copper was delayed. It must also 
be borne in mind that, assuming equal efficiencies, 
twice as much electricity is required to deposit copper 
from the cupric state as from the cuprous state. 

Fig. 3 shows that similar shifts in potential were 
not observed in the solution stored under nitrogen. 

Polarization is doubtless another important factor. 
Because of the tendency for the static alloy potential 
to drift, polarization data obtained at the end of the 
plating periods were not regular. However, polariza- 
tion did increase from —0.074 volt to —0.149 volt 
as the solution aged. It remained smaller and more 
yearly constant in the solution under nitrogen. 


Composition of the Deposits 


The pronounced changes in composition of the 
alloy deposited are the most disturbing manifesta- 
tions resulting from the aging process. Fig. 4 shows 
that in alloys deposited from the air-exposed solu- 
tion, the copper content dropped almost 10 per cent 
after the first two days of aging. The decrease then 
became less rapid, amounting to less than 2 per cent 
for each of the next two-day intervals. During the 
following three runs, the copper content dropped 
about 8 per cent each time. The rate of decrease 
then gradually became less until the composition 
remained nearly constant at about 30 per cent copper 
for the duration of the experimental period. 

In contrast, Fig. 5 shows that the deposits from 
the solution kept under nitrogen changed only 
slightly during the first ten days, then remained 
practically constant at about 4 per cent below its 
original value. The slight variations during the first 
ten days may have resulted from slight changes in 
the time during which the solution was exposed to 
air before and during the plating operation. The 
equipment available did not permit the plating to 
be carried out in an inert atmosphere. However, it 
should be noted that the deposit from this solution, 
when it became constant after about ten days, was 
higher in copper than that obtained after only two 
days from the solution exposed to air. 

As shown in Fig. 2, there is a rather abrupt change 
in the rate of increase of cathode potential as plating 
progressed, and this change occurs at a later time in 
the plating period as the aging period increased. 
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Kach time the abrupt change in potential shifted 
to a later time interval, the copper content of the 
deposits was decreased by about 8 per cent. After 
the eighteenth day when the potential shifts no 
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longer appeared, the change in composition prac- 
tically disappeared. 

Fig. 6 indicates how closely the potential increase 
occurring in the 5-10 minute plating interval is 
related to the composition of the deposit. If the 
increase in potential during this interval and the per- 
centage of copper for the same run are plotted against 
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the aging period, the two curves are very similar. 
The few potential values which do not exactly 
parallel the other curve would do so if corrected 
within the limit of experimental error. That is, these 
points are less than 5 millivolts off the curve. 
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Absorption Spectra 


The cuprocyanide complex is colorless and _ its 
absorption bands are in the ultraviolet below the 
range of the spectrophotometer used in this study. 
However, all cupric solutions have absorption bands 
in the yellow and red, the width and position of 
which vary with the nature of the compound, the 
concentration, and the solvent employed. Organic 
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cupric complexes also exhibit bands in the ultra- 
violet, the position depending upon the organic 
radical. The visible color of the compound depends 
on the narrow region of transmission between the 
two absorption bands. 

For the copper tartrate complex, the absorption 
is known to begin at about 480 my and reaches a 
maximum at 630 my (2). Therefore, a study of the 
spectrum in this region should serve not only to 
indicate the presence of the tartrate complex but 
also to measure its relative concentration as the 
solution aged. 
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Fig. 7 clearly illustrates the increase in the con- 
centration of the blue complex as the aging  pro- 
gressed. The initial measurement made one half hour 
after preparation of the solution shows very little 
absorption in the critical region. The solution had 
only a slight blue-green tinge at that time. In one 
day, the absorption at 630 my increased almost. 52 
per cent and the solution assumed its characteristic 
blue color. The large increase in absorption at this 
point is to be expected since a comparatively small 
concentration of a highly colored material markedly 
affects the spectrum. As oxidation progressed, the 
intensity and width of the absorption band increased 
until at 43 days the absorption was essentially com- 
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plete throughout the entire range from green to the 
red edge of the visible. 

Fig. 8 shows spectra obtained from the solution 
stored under nitrogen. On the first day, the absorp- 
tion was almost as great as for the other solution. 
On the third and fifth days, the absorption decreased 
somewhat, thereafter increasing slightly. This has a 
rather definite correlation with the composition of 
the deposits obtained from this solution, since Fig. 5 
shows that the percentages of copper increased for 
these same runs. These deviations, therefore, are 
real but unexplained. 

A comparison of the degree of oxidation of the 
two solutions is illustrated by Fig. 9. After 23 days, 
the absorption by the solution stored under nitrogen 
is less than that of the air-exposed solution on the 
third day. This is in agreement with the previous 
data, all of which indicate that oxidation in the 
solution in the inert atmosphere never progressed 
beyond the extent of oxidation evident in the air- 
exposed solution at three days. 

If the solution obeys Beer’s law, a straight line 
should be found when the logarithm of the trans- 
mittancy at some given wavelength is plotted against 
the concentration of the cupric complex. If previous 
assumptions were warranted, the oxidation-reduction 
potential should be a logarithmic function of the 
concentration of the cupric ion. Therefore, the anti- 
log of this potential is proportional to the cupric 
concentration, and a straight line should also be 
obtained by plotting the log of the per cent trans- 
mittancy against the antilog of the oxidation-reduc- 
tion potential for the same day. The transmission 
at 640 my was selected for this purpose since the 
greatest. sensitivity is found in the region of maxi- 
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mum absorption. Fig. 10 shows that a straight line 

is obtained by plotting the data in the manner de- 

scribed, thus confirming the assumed relationship 

between cupric ion concentration, oxidation-reduc- 

tion potentials, and absorption spectra. 
CONCLUSIONS 

Because of the inconstancy of composition which 
results from aging, the present plating solution might 
not be satisfactory for a commercial process. How- 
ever, the potential measurements suggests that, in a 
continuous plating process, the copper would be kept 
in the reduced state so that no great change in com- 
position would be encountered. 

It is also possible that by diluting the solution and 
adding more free cyanide, the aging effects could be 
minimized or completely eliminated. Dilution in- 
creases the difference between the static potentials 
of copper and lead, resulting in deposits of higher 
copper content. This could be counterbalanced by 
the addition of more cyanide. Excess cyanide, be- 
cause of its reducing properties and also because of 
the common-ion effect which it exerts on the dis- 
sociation of the cuprocyanide complex, might very 
well be instrumental in the prevention of air oxida- 
tion. Further investigation along this line is being 
conducted. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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Effect of Chromium on the Oxidation Resistance 


of Titanium Carbide’ 


a DF Roacu 


Titanium Alloy Manufacturing Division, National Lead Company, Niagara Falls, New York 


ABSTRACT 


It has been found that a small percentage of chromium in recrystallized titanium 
carbide improves the resistance of this material to oxidation at elevated temperatures. 
The amount of oxidation was determined by the increase in weight of specimens of 
different chromium content after heating in air at 650°, 850°, 1200°, and 1400°C. The 
data obtained from these tests show that the maximum oxidation resistance, at each 


temperature, is obtained with an addition of 5 per cent chromium. 


INTRODUCTION 


Recent advances in jet-propelled and turbo-jet 


engines have placed great emphasis on the need for 


materials applicable for use at high temperatures. 
The most important criteria for the successful ap- 
plication of a material at elevated temperatures are: 
(a) strength, (b) stability, and (c) toughness, all at 
the temperature of service. In the case of jet engines, 
erosion as well as abrasion resistance is also very 
important as the gas velocity in the nozzle has been 
estimated at 1500 miles per second. In addition, the 
strength-weight ratio is very important. The most 
interesting group of promising materials for this pur- 
pose are the hard compounds usually formed by 
powder metallurgical processes. One of these is ti- 
tanium carbide which, since it is extremely hard (9 
on Mohs hardness seale) and refractory (melting 
point—3140°C), might be expected to have good 
elevated temperature properties. It is known (1) that 
Group IV carbides, Ti and Si, are quite stable against 
oxidation by air at high temperatures, that stability 
against attack is less for the carbides of Group V 
elements (Ta, Cb, and V), and that carbides of 
Group VI (W and Mo) are readily oxidized. It has 
also been pointed out that Ti and V carbides undergo 
little or no decomposition below their melting point 
(2) although some authors have reported the de- 
composition of titanium carbide in the presence of 
2100°F (3). Cb 


partially decomposed by heating below their melting 


oxygen at and Ta carbides are 
point. In some recent work, titanium carbide showed 
greater resistance to oxidation at 1100°C than either 
zirconium or vanadium carbide. Along with these 
properties, titanium carbide, when properly bonded 
by reerystallization, has high hardness and, conse- 
quently, high wear resistance. 
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Titanium forms only one carbide consisting of 
equal proportions of titanium and carbon, one atom 
of carbon titanium in a sodium 


chloride type lattice. Some have expressed the belief 


to one atom of 
that two atoms of carbon can unite with one atom of 
titanium to form TiC, but there is considerable 
doubt as to the existence of such a compound (4). 
The carbide can be produced, however, with a large 
deficiency of carbon but such a material still retains 
the titanium carbide structure. Commercially  ti- 
tanium carbide is manufactured (5, 6) from a mixture 
of TiO, and carbon subjected to a temperature of 
approximately 2000°C or higher in a reducing atmos- 
phere according to the following equation: TiO. + 
3C — TiC + 2CO. The titanium carbide used com- 
mercially does not, as a rule, contain more than 18 
per cent fixed carbon as compared to a theoretical 
content of 20 per cent. In order to arrive at a content 
of 18 per cent, however, an excess of carbon is re- 
quired which in the analysis of the finished product 
is found in the form of graphite since the excess 
carbon crystallizes out on cooling (7). The amount 
of free carbon which the carbide contains may be 
controlled by the heating and, more particularly, 
the cooling rate used in the manufacture of the 
carbide as well as by the temperature at which the car- 
ide is produced. The higher the solubility of carbon in 
the titanium carbide, which solubility increases with 
temperature, the greater the amount of free carbon 
formed on cooling. The chief use for titanium ear- 
bide is in sintered carbide cutting-tool materials 
and the majority of such users desire a carbide low 
in free carbon because of the adverse effects of this 
carbon on the properties. The effects of free carbon 
in titaniun carbide when used alone are not too 
well established. A process has been developed (8) 
which greatly reduces the free carbon through the 
addition of CreO; to the TiO, plus C mix. On further 
investigation in this laboratory, it was found that a 
small percentage of chromium, added as Cr2Q;, in 
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the titanium carbide improves the resistance of this 
material to oxidation and also produces larger crys- 
tals as well as giving a cleaner, more metallic frac- 
ture. Additional oxidation tests have now been made 
on titanium carbide with chromium to determine to 
what extent the oxidation resistance could be in- 
creased and also the amount of chromium necessary 
for Maximum oxidation resistance. 

Commercial cemented carbides have generally 
been made with the use of an auxiliary or binder 
metal to cement together the finely divided carbide 
particles. These binder metals serve not only as a 
cement for a mechanical bond but also as a solvent 
for the carbides so that the carbide particles may 
merge and form a continuous mass (9). Therefore, 
the two main requirements for a binder metal (10) 
are: (a) it must be a metal in which the carbide is 
soluble in reasonably high percentages at the sinter- 
ing temperature, and (b) the metal must have no 
affinity for carbon, so as not to decompose the car- 
bide. Chromium, since it is a fairly strong carbide 
former, does not fulfill the requirement of a binder 
metal and, therefore, should not be considered as one. 


EXPERIMENTAL PROCEDURE 


Experimental data were obtained by heating sam- 
ples of titanium carbide containing varying §per- 
centages of chromium in air for known periods of 
time at controlled temperatures. The gain in weight 
of the specimens after a given duration of exposure 
was used for measuring the resistance of the mate- 
rial to attack by the oxidizing atmosphere. The 
specimens used in this determination were in the 
form of one inch discs approximately one-eighth 
inch thick. The chromium, calculated as weight 
percentage of the materials added, was incorporated 
in the titanium oxide 
(CrsO;) so that the dises contained the following 
percentages of chromium: 0, 0.5, 1.0, 2.0, 4, 6, 10, 
and 20 per cent. After mixing the two powders and 
adding a volatile organic binder, dises were com- 
pacted in a one inch mold using 5000 psi. After 
drying, the green discs were packed in a graphite 
crucible with are furnace TiC (—10 + 40 mesh) so 
that a reducing atmosphere would be maintained 


carbide as green chromic 


and then heated in an induction furnace to ap- 
proximately 2210°C for 25 to 30 minutes to re- 
crystallize the titanium carbide. The original ti- 
tanium carbide contained 18.69 per cent combined 
carbon and 0.76 per cent free carbon. 

Following the recrystallization, the discs were sub- 
jected to oxidation tests in which they were heated 
in a muffle furnace for one hour at each of the fol- 
lowing temperatures: 650°, 850°, 1200°, and 1400°C. 
Each specimen was placed in a small boat so that 
the errors incurred by spalling of the oxide, either 
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at temperature or during cooling, could be avoided. 
The furnace was not airtight and during the heating 
the observation peephole in the furnace door was 
left open to permit a free access of air to the speci- 
mens. The specimens were removed from the furnace 
and cooled in air. 

During the recrystallization of those dises con- 
taining the 10 and 20 per cent chromium additions, 
the specimens fused together, making it necessary to 
powder the material after heating, then repress and 
recrystallize a second time to obtain satisfactory 
specimens. The high temperature used in recrystal- 
lizing the titanium carbide resulted in a reduction of 
the chromium content especially in those dises, men- 
tioned above, which were recrystallized a second 
time. For this reason, the specimens could not be 
designated by the chromium added to the original 
mixture but rather by the analysis after recrystal- 
lization, prior to the oxidation tests. Results of these 
analyses are as follows: 


Chromium added 0 1.0 6.0 


-11 3.80 


10.00 
5.02 4.04 


20.00 


9 
2 5.95 


Chromium remaining 

These figures show the large loss of chromium 
incurred during the recrystallization of the 10 and 
20 per cent dises and that with lower chromium 
additions the loss was much less. At least a part of 
this difference could be due to the double heat treat- 
ment and, therefore, longer time at temperature that 
was necessary to obtain satisfactory specimens with 
the higher chromium additions. Therefore, the speci- 
mens containing the lower percentages of chromium 
are designated according to the amounts added, 
since the change in chromium content was very 
small. Those dises with larger chromium contents 
will be designated according to chemical analysis. 
Thus the percentages of chromium referred to in 
this report will be the actual amount remaining in 
the sample after recrystallization prior to the oxida- 
tion tests. 

RESULTS 

The data obtained from the oxidation tests are 
listed in Table I which gives the density, weight 
increase, and per cent oxidation of each dise tested 
at each of the four testing temperatures. The series 
at each testing temperature showed the same general 
trend and this is best shown by Fig. 1—a plot of 
per cent increase in weight vs. per cent chromium 
for each temperature. As seen in Table I, the second 
recrystallization had undoubtedly caused an exces- 
sive loss of chromium but, aside from this, it had a 
noticeable effect on the oxidation resistance of the 
titanium carbide. When compared to the other dises, 
recrystallized the results 


once, somewhat 


anomalous. Because of the fact that ouly those discs 


were 
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TABLE I. Results of oxidation tests on titanium carbide 


Added 


% WEIGHT INCREASE 


with various amounts of chromium 


Density 


before 


oxidation 
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66 
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93 
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Fig. 1. Variation of weight increase of 


with chromium content, on oxidation for 
temperature noted. 
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which originally contained 10 and 20 per cent Cr 
were recrystallized twice, it was decided that this 
discrepancy in specimen preparation would invali- 
date any comparison and that the results obtained 
on those samples should be disregarded. These results 
appear in the tables but to avoid confusion have not 
been plotted. 

As would be expected, lowering the temperature 
produced a decrease in the amount of oxidation with 
the exception of the series heated at 650°C. This is 
shown in Fig. 2, where the weight increase is plotted 
against temperature for each chromium content. 
The amount of oxidation obtained at the lower 
temperature was greater than that obtained at 850°C 
in all instances, and comparable to that obtained at 
the higher temperatures in most of the specimens 
with less than 3 per cent chromium. It was first 
thought that this increase was due to a difference 
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Fig. 2. Variation of weight increase of titanium carbide 
containing the noted amounts of chromium with tempera- 
ture of oxidation for 1-hr periods. 


in air supply in the furnace during the one test. 
However, rechecks of each series under constant 
conditions of time, temperature, and air supply 
showed values nearly identical with those obtained 
in the first tests. 

Furthermore, the effects of increased air supply 
were determined by heating a series of samples at 
850°C, maintaining a steady stream of air flowing 
over the specimens. The results of this test agree 
very well with the results of the previous run at the 
same temperature with only the peephole of the 
furnace open. With the exception of the 1 per cent 
Cr sample, in which a decrease of 0.23 per cent was 
noted, the values varied by less than one tenth of a 
per cent. From this, it is evident that a slight flow 
of air during the oxidation heating has little or no 
effect on the amount of oxidation that takes place 
during a given period of time at a specified tempera- 
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ture. However, greater velocities of air may produce 
different results. 

There are two effects of oxidizing a carbide which 
make interpretation of the weight increase somewhat 
difficult. These are: (a) pickup of oxygen from the 
atmosphere by the metal, and (b) loss of carbon 
through oxidation. The first of these would bring 
about an increase in weight while the second would 
eause a loss of weight. This would mean that the 
measured increase in weight does not represent the 
total amount of oxygen absorbed from the atmos- 
phere but rather the difference between the two 
effects mentioned above. To determine the influence 
of this carbon loss, samples were analyzed both be- 
fore and after the oxidation tests. As would be ex- 
pected, the loss of carbon was greatest at the higher 
temperatures. Correction for this, adding the carbon 
loss to the increase in weight, would indicate the true 
increase in weight or the total weight of oxygen 
absorbed from the atmosphere. A calculation of 
corrected weight changes for the 5 per cent Cr sam- 
ples is presented in Table II. 

Since the oxidation of carbon increases with tem- 
perature, the results for each sample obtained at a 
given temperature should be corrected in the above 
manner. This correction factor would vary with the 
amount of carbon oxidation and therefore with tem- 
perature. Consequently, a larger weight increase 
would result at each temperature with the difference 
becoming greater at the higher temperatures. In 
effect, this would raise each curve but would not 
alter the shape or relative position. 

On macroscopic examination all dises, with the 
exception of those of straight titanium carbide, ap- 
peared to be well recrystallized and had a silvery 
gray to a silvery white fracture. The straight ti- 
tanium carbide dises were fine-grained but had a 
gray, nonmetallic fracture. Those discs which were 
oxidized the least showed no ‘“‘scale’”’ that could be 
separated from the sample. Only with the higher 
amounts of oxidation did an actual scale appear and 
then in some cases four separate layers could be 
observed. These were: (a) dark glazed scale on the 
outside with a metallic sheen, (6) gray layer, (c) 
orange layer, and (d) fine yellow powder or ash 
which covered the recrystallized titanium carbide 
core. X-ray analysis of the two most prominent 
layers (the glazed surface scale and the yellow pow- 
der) showed both to have the structure of TiO. 
(rutile). The oxide scale of those dises which con- 
tained 5 per cent Cr showed approximately 5 per 
cent chromic oxide. As would be expected, the scale 
thickness increased with the weight increase. The 
color of the outer oxide scale indicates a deficiency 
of oxygen which could be due to the deoxidizing 
effect of the carbon lost during oxidation. Visual 
examination of the scale showed the following cor- 
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relation with increasing chromium: (a) a decrease 
in the amount of yellow powder or ash formed over 
the titanium core, and (b) the formation of a thinner, 
lighter, and more adherent scale. 

It may be observed from Table I that increasing 
density of the dises coincides with decreased oxida- 
tion. From this it can be concluded that the decrease 
in oxidation may have been due to the decrease in 
porosity, or greater density, of the higher chromium 
dises. Therefore, the pressure used in molding the 
discs may be an important variable. To determine 
the importance of this deduction, three samples were 
tested. These were: 

1. A sample from a recrystallized titanium carbide 
bar that had been formed simply by tamping the 
powdered TiC in a paper mold with practically zero 


TABLE II. Effect of carbon loss 


Temperature of oxida 


tion | 650°C | 850°C | 1200°C | 1400°C 
©) Total carbon—after 
recrystallization 16.04 16.04 16.04 16.04 
© Total carbon—after 
oxidation 15.81 15.93 15.20 13.87 
Weight prior to oxida 
tion—g 9.207 9.338 | 9.388 9.232 
Weight after oxidation 
g 9.305 9.391 9.592 9.502 
Weight difference 0.098 0.053 | 0.204 0.270 


Weight loss of carbon 0.020 0.009 0.080 0.20 
Corrected weight dif 
ference 0.118 0.062 0.284 0.470 


TABLE III. Effect of molding pressure and density on 


oxidation 
! 


| : 
Sample | Cx, % | gAtchding | Density. | Absorption, | (cic br, 
| : 
l 0 0 4.18 2.8 1.1] 
2 0 5000 3.64 5.5 1.14 
3 5 5000 4.07 4.0 0.57 


pressure, and then heating in a carbon resistance 
furnace to a temperature of 2010° to 2490°C and 
holding for approximately three hours. 

2. Straight titanium carbide dise molded under 
5000 psi, then recrystallized at 2210°C for 4} hour. 

3. Titanium carbide dise containing 5 per cent 
Cr molded and recrystallized in the same manner 
as sample 2. 

Sample | was approximately the same size as the 
testing dises since a change in surface to volume 
relationship would result in different data, especially 
in the oxidation tests. The results obtained from 
tests on the three samples mentioned above are 
shown in Table ITI. 

The difference in absorption and density between 
samples | and 2 is probably due to the higher tem- 
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perature or longer soaking period used in recrystal- 
lizing sample 1. This indicates that the density of 
the dises is not a function of the pressure applied in 
shaping but rather of the temperature and time of 
recrystallization. Oxidation results on these samples 
show that the effect of density on resistance to 
oxidation is practically negligible. The results of the 
oxidation test on sample 3 show that chromium re- 
duces the oxidation of titanium carbide not merely 
by bringing about a higher density on recrystalliza- 
tion, but chiefly through the influence of the chro- 
mium, per se. 

To determine the nature of the reaction between 
Cr.O; and TiC during the recrystallization, chemical 
analyses as well as x-ray patterns of the dises were 
obtained. The x-ray patterns obtained from the 
5.02 and 5.95 per cent Cr dises showed titanium car- 
bide with an indication of TiO, being present in the 
second sample. However, the peaks of the titanium 
carbide pattern were displaced indicating a change 
in lattice parameter. This change may be due to a 
substance in solid solution with the titanium car- 


TABLE IV. Effect of recrystallization on chemical analysis 
6% Cr disc 


ee 


\Original TiC} Before After 


20% Cr disc 


After 
(2nd) 


Before 


Recrystallization | Recrystallization 
| 


0.54 | 0.31 


“% Free C 0.76 0.69 0.10 
% Total C 18.69 17.02 | 16.04 | 13.20 | 12.42 
© Chromium 0.0 6.0 5.02 20.00 5.95 


bide. The results of chemical analysis of these same 
dises are tabulated in Table IV. On recrystallizing, 
there was a weight loss of approximately 2 per cent 
on the 6 per cent Cr dise and 9.5 per cent on the 
20 per cent Cr dise. 


DISCUSSION 


These results indicate that chromium has a definite 
effect on the oxidation resistance of titanium carbide. 
The addition of a small percentage of chromium 
(0.5 and 1.0%) lessened the resistance to oxidation, 
as indicated by a larger weight increase. However, 
further increasing the amount of chromium increased 
the resistance until a maximum was reached at 5 
per cent Cr. The amount of oxidation with’ this 
chromium content was considerably below that ob- 
tained on straight titanium carbide: e.g., one hour 
at 650°C produced a weight increase of 3.25 per 
cent on straight titanium carbide while the addition 
of 5 per cent Cr reduced this value to 1.06 per cent. 
This same trend was observed at each of the testing 
temperatures. 

It is known that chromic oxide is decomposed by 
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carbon, the reaction beginning at 1180°C (11). It is 
also known that Cr.O; can be reduced by titanium 
carbide even though chromic oxide belongs to the 
group of difficultly reducible oxides (12). During 
the recrystallization of titanium carbide containing 
chromic oxide, therefore, the CroO; may react with 
either or both the free and the combined carbon to 
form a chromium carbide. There are three known 
stable carbides in the chromium-carbon system (13): 
Cr;C2, orthorhombic in structure; Cr7C3, which is 
trigonal; and CrsC, the only cubic carbide. In the 
study of high temperature alloys, this latter carbide 
has been identified as CrosCg. 

The formation of solid solutions of various ¢ar- 
bides in each other, analogous to alloying in metals, 
has been known for some years (14). More recent 
work (15) has shown that the solubility of various 
carbides in one another is greatly dependent upon 
differences in atomic diameters—or the nearest ap- 
proach of atoms in the carbide lattice—as well as 
upon similarity of structure. CriC could be soluble 
in TiC on the basis of structure alone since both are 
cubic; however, the vast difference in size (lattice 
parameter of TiC = 4.32 A, Cr,C = 10.6 A) would 
indicate practically zero solubility. 

The observed size change of the titanium carbide 
could also be due to chromium dissolved in the 
carbide as metal rather than the carbide. This chro- 
mium could be the result of the decomposition of chro- 
mium carbide at the high temperature of recrystal- 
lizing treatment. This decomposition of chromium 
carbide, similar to that of silicon carbide, had been 
previously noted by Ruff (16). The chromium could 
enter the titanium carbide lattice, replacing titanium 
atoms, thus forming a complex carbide similar to 
orthorhombic cementite (17) (FeCr)3C found in chro- 
mium steels. This could cause a change in lattice 
parameter but no change in structure. At this point, 
it may be of interest to note that, in the higher 
chromium samples, the losses of chromium and car- 
bon are in nearly the exact ratio, 17 to 1, as is found 
in Cr,C. 

It appears as though the poor oxidation resistance 
of these samples to which 10 and 20 per cent Cr had 
been added may be due to the presence of oxides of 
titanium in the samples. Even though 4-6 per cent 
Cr remained in the samples after recrystallization, 
the oxidation resistance was low. As mentioned above, 
the primary reaction occurs between the Cr.O; and 
the free carbon in the titanium carbide, but with 
an excess of Cr.O; present, a second reaction begins. 
The chromic oxide is reduced by the titanium carbide 
forming an oxide of titanium which, in all proba- 
bility, remains in the sample. This would result. in 
a higher oxygen content of the carbide (as has been 
shown by vacuum fusion analysis) and would also 
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decrease the oxidation resistance (this result was 
observed in these experiments). On this basis, a 
definite relationship would appear to exist between 
the amount of chromium that should be added and 
the free carbon which the carbide contains. 

In whatever form the chromium is present, it 
results in improved resistance to oxidation. Oxida- 
tion of straight titanium carbide at temperatures 
over 1000°C produces an oxidation product which 
offers no further protection to the body. The pres- 
ence of chromium in the carbide produces the re- 
fractory Cr,O; in the scale and this protects the 
body from further oxidation. 

It should be pointed out that this work was done 
on straight titanium carbide, that is, without the use 
of an auxiliary or binder metal. The improvements 
noted can be due only to the presence of the chro- 
mium in the carbide. This serves to indicate that the 
properties of carbides, analogous to those of metals, 
may be improved through the use of “alloying” 
elements, and from this could come a 
materials that could be applicable at temperatures 


series of 
above the useful range of most metallic alloys. 
CONCLUSIONS 

1. Chromium added to titanium carbide as Cr2O;, 
prior to recrystallization, affects the oxidation re- 
sistance of the carbide in a manner depending on 
the amount added. 

2. Small percentages of chromium (0.5 and 1% 
Cr calculated as weight per cent of the materials 
added) decreased the oxidation resistance in a given 
time at 650° to 1400°C while larger percentages, up 
to 5 per cent Cr, increased the oxidation resistance. 

3. The maximum amount of oxidation resistance 
occurs with 5 per cent Cr, and the amount of oxida- 
tion at a given temperature with this amount of 
chromium is considerably less than that obtained 
on straight titanium carbide. 

4. In preparing samples for 10 and 20 per cent 
chromium mixtures, double recrystallization was nec- 
essary to obtain satisfactory specimens and, there- 
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fore, the amount of oxidation resistance observed 
in these samples may not be comparable, because 
of the unknown influence of this difference in the 
method of preparation of the samples. 

5. Chromium in recrystallized titanium carbide 
probably occurs as a solid solution and not as a 
binder metal. 

6. Other effects of chromium on titanium carbide 
that addition to the effect on 
oxidation resistance were: (a) increased density and 


were observed in 


(b) decrease in the amount of free carbon. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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The Borides of Some Transition Elements’ 


ROLAND KIESSLING 
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ABSTRACT 


The erystal structure work on the borides of the transition elements is summarized. 


It is shown that the borides may be classified according to the boron arrangement. The 


phases are regarded as metal lattices with boron in the interstices. The boron atoms 


form an inereasing number of boron-boron contacts with increasing boron content of 


the intermediary phases of a system, from isolated boron atoms to a three-dimensional 


boron network. 


The borides are in many ways related to the hydrides, nitrides, and carbides but the 
presence of boron-boron bonds modifies the picture. An attempt to apply Pauling’s 
theory of the metallic state on these compounds has not been successful 


INTRODUCTION 


Since 1945 the borides of the transition elements 
have been studied at the Institute of Chemistry of 
the University of Uppsala, Sweden. A number of 
binary systems between transition elements and bo- 
ron have been investigated and the results show that 
these borides have metallic properties. They are 
often very hard and inert, with high melting points. 
A survey of the structures furmed may be of interest 
for a possible technical use of the borides. Much of 
the present paper may be found in more detail in 
an earlier publication (1). 

The borides have been prepared by sintering or 
melting mixtures of metal and boron together either 
in evacuated silica tubes at 1100°-1200°C or in 
1200°-2000°C. Starting mate- 
rials have been transition metals and boron, the 


vacuum furnaces at 
boron being prepared by vapor phase reduction of 
boron tribromide with hydrogen in silica tubes. The 
alloys have been investigated mainly by means of 
x-ray methods. The position of the boron has been 
determined by space considerations or, in some al- 
loys of light metals, by electron density projections. 


STRUCTURES OF THE INTERMEDIARY BorIDE PHASES 


The boron atoms have a general tendency to form 
frameworks 
through the metal lattice with increasing boron con- 


chains, nets, or three-dimensional 


tent. of the systems. The structures are most con- 
veniently discussed on the basis of the boron ar- 


rangement. Some structure determinations on 
borides, reported by other investigators, are included 
in the following discussion. The structures hitherto 
found are summarized in Table I, together with 
references. 

Borides with isolated boron atoms.—To this group 


belong a great number of borides of the CuAl.-type 
' Manuscript received June 26, 1950. This paper pre- 


pared for delivery before the Cleveland Meeting, April 19 
to 22, 1950. 


(C16), as well as the closely related 6-phase in the 
manganese boron system. Both types consist of 
sheets. of 


metal atoms with boron 


atoms in the holes between these sheets (Fig. 1), 


tetrahedra of 
Geometrically, the boron atoms are arranged in 
strings through the metal lattice with a boron-boron 
distance slightly greater than 2r,. The string forma- 
tion may indicate a tendency for boron-boron bond 
formation also for these phases. 

Borides with boron chains.—Three structure types 
with the boron atoms forming zigzag shaped chains 
have been observed (Fig. 2). They are closely related, 
and the metal lattices may be regarded as consisting 
of trigonal prisms connected in different ways. Chan- 
nels appear through which boron chains are ex- 
tended through the lattices. 

In 
the borides of composition Me;B, the boron atoms 
form double chains. The double chains may also be 


Borides with double chains (fragments of nets). 


regarded as fragments of boron nets, giving these 
borides an intermediate position between borides 
with boron chains and borides with boron nets (Fig. 
3). The distance between adjacent boron atoms in 
different halves of a double chain is in the order of 
magnitude of a double bond, whereas the boron- 
boron distance in the same halves has the value of 
a single bond. 

Borides with two-dimensional nets.—The next step 
in the connection of the boron atoms, the formation 
of hexagonal boron nets (Fig. 4), has been observed 
for several phases. Most of these borides belong to 
the AlB.-type (C32). In the molybdenum- and tung- 
sten-boron systems, phases with the ideal composi- 
tion Me.B; exist, having more complicated struc- 
tures. The lattices of all these phases are closely 
related and may be described as consisting of alter- 


nating close-packed metal sheets and hexagonal bo- 


ron nets or slightly puckered boron sheets, formed 
by nets with additional boron atoms in the centers 
of some meshes. 
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Fic. 1. Borides with isolated boron 
atoms (large circles represent metal 
atoms, small circles boron atoms). 
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neighbors in contact, thus following Hume-Roth- 
ery’s (8-N)-rule. 
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Fig. 4. Hexagonal net of boron atoms 
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Fic. 5. Metal lattice of CrB (left) projected on the ab 
plane, compared with a hexagonal. close-packed metal 
lattice (right). 


GENERAL Discussion 
The Existence of Boron-Boron Bonds 


The general tendency for the boron atoms to form 
boron-boron contacts may be only a consequence of 
a convenient space arrangement of the atoms, or it 
may involve boron-boron bonds. The experimental 
evidence clearly shows that the contacts are of bond- 
ing character. The fact that boron chains appear in 
three different types of metal lattices is itself a 
support for the existence of real bonds within the 
chains. If the axes of the orthorhombic unit cells of 
the isomorphous borides TaB and CrB are com- 
pared, the ratios ay,/dcr and by,/be, are 1.103, 
whereas the ratio ¢y,/¢cr is only 1.077. Comparing 
CbB and CrB the corresponding values are d¢,,/der = 
1.111, ber/ber = 1.110, but con/ccr = 1.080. The 
lattice is thus expanding less in the direction of the 
c-axis, i.e., the direction of the boron chains, than 
in the other directions when going from the smaller 
chromium to the larger tantalum and columbium 
atoms. In an analogous way the existence of boron- 
boron bonds within the double chains and the nets 
may be shown, if isomorphous borides of metals 
with different atomic radii are compared. For the 
three-dimensional boron frameworks, the boron- 
metal distance is increased compared with the nor- 
mal radius sum. This is an indication of a rigid boron 
framework. 
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Analogies between Borides and Hydrides, Carbides 

and Nitrides 

Ilydrides, borides, carbides, and nitrides of the 
transition elements form a group of phases with 
characteristic properties, as was pointed out by Higg 
(18, 19). These compounds have metallic properties, 
If the ratio of the radius of the nonmetal (rx) to 
the radius of the metal (7,;.) is less than 0.59, the 
small nonmetallic element is accomodated in a suit- 
ably sized hole in a metal lattice belonging to one 
of the three simple types or to the closely related 
simple hexagonal type. If rx/rye is greater than 
0.59, the structures are more complicated. The pres- 
ent investigations have shown that as long as boron 
appears isolated in the metal lattice, the borides are 
analogous to hydrides, carbides, and nitrides. Solid 
solubility of boron in the expanded lattices of the 
pure metals has been observed for thorium, zirco- 
nium, titanium, and tantalum, all giving ratios less 
than or near to the critical limit. For the other 
metals, all giving radius ratios greater than 0.59, 
no solid solubility seems to exist. The systems with 
tantalum, columbium, and titanium, with a ratio 
very near the critical limit, all seem to have an 
intermediate position between simple and compli- 
cated systems. Simple phases exist at higher tem- 
peratures, but are transformed to more complicated 
phases at room temperature. 

For borides in which the boron atoms form boron- 
boron bonds, however, the limit 0.59 seems to be of 
less importance, as has already been pointed out 
elsewhere (11). Simple hexagonal metal lattices are 
thus observed in the borides of the AlBs-type for 
radius ratios between 0.54 and 0.69. The dominating 
factor seems to be the hexagonal boron nets, which 
easily fit into a simple hexagonal metal lattice. A 
possible explanation might be that the boron atoms 
are deformed and no longer spherical when forming 
the strong boron-boron bonds within the nets. It 
might thus no longer be correct to give the value 
0.86 A as the radius of the boron atom. 

The stability of the hydrides, carbides, and ni- 
trides decreases with increasing atomic number of 
the transition elements within a period. Data on 
the stability of the borides have not been obtained, 
and many of them are apparently inert and stable 
at higher temperatures. A comparison of the boron 
contents of the phases richest in boron of the ele- 
ments of a period shows, however, that the same 
tendency also seems to exist for the borides. This 
is most obvious in the first transition period where 
the phases richest in boron have a boron content 
(in atomic %) of at least 67 for titanium and va- 
nadium, 67 for chromium, 57 for manganese, 50 for 
iron, cobalt, and probably nickel. Attempts to pre- 
pare borides of copper have been unsuccessful. 
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Finally it has been confirmed that the borides 
have metallic properties in analogy with the other 
members of this group. 


Application of Pauling’s Theory 


A general theory for the metallic state has been 
given by Pauling (20-22). The present author has 
tried to use this theory for the borides, but without 
success. If, for instance, the bond number for the 
metal-boron bond is calculated for the isomorphous 
Me.B-borides of the CuAl.-type, the following values 
are obtained: 0.28 for tantalum, 0.34 for molyb- 
denum and tungsten, 0.42 for manganese, 0.44 for 
iron, and 0.49 for cobalt and nickel. This increase 
in bond number may be an indication of an increas- 
ing strength of the metal-boron bond, but it may 
also merely be a consequence of the method of 
calculation. As all these compounds are isomorphous 
and thus probably energetically similar, it seems 
rather incredible that such a great variation in bond 
number for the same metal-boron bond exists. Ac- 
cording to a rule given in (22), the bond numbers 
should have a great tendency to form small integral 
ratios, e.g., 1/2, 1/3, 2/3, 1/4, ete. No such tendency 
is found for the bond numbers discussed; they in- 
crease continuously when going from tantalum to 
cobalt. 

Pauling has also used the theory on FeB (22), 
for which he assumes that electrons are transferred 
from the iron lattice to the boron to a maximum 
extent of about one electron per metal atom. The 
present author has studied all the borides with chain 
structures in an analogous way. Also, for these bo- 
rides there is a disagreement between isomorphous 
compounds, and the results can only be interpreted 
if one assumes that electrons are transferred from 
the metal lattice to the boron chains. Such an elec- 
tron transfer is rather difficult to correlate with the 
properties of the borides with chain structures. All 
of them are metallic and may be regarded as ex- 
panded metal lattices with boron chains in the inter- 
stices. According to the present author’s opinion, 
it seems more probable that electrons are transferred 
from the boron chains to the metal lattice, contrary 
to Pauling’s calculations. These additional electrons 
of the metal lattice compensate for the loss in “‘me- 
tallic’”’ properties, which would result from the in- 
creased metal-metal distance. 

The formation of boron chains with covalent bo- 
ron-boron bonds and an angle between two adjacent 
bonds of roughly about 120° is also difficult to ex- 
plain if electrons were transferred to the chains from 
the surrounding metal lattice. The electron con- 
figuration of a boron atom is 1s*2s*2p', thus with 
three electrons in the second quantum level. If elee- 
trons are transferred to the boron chains, which 
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appears likely according to Pauling, each boron atom 
would have between three and four electrons avail- 
able for bond formation. With nearly four electrons 
per atom, however, a tendency for boron-boron 
double bonds would probably be visible. Neither 
the boron-boron distance observed nor the angle of 
about 120° between the bonds formed are compatible 
with this view. A double bond is considerably shorter 
than the distances observed, and the angle between 
two boron bonds formed by the same boron ion 
probably would be 180° by analogy with carbon. 
On the contrary, a loss of electrons is more in ac- 
cordance with the existence of covalent bonds within 
the chains. If, in the ideal case, one electron per 
boron atom is lost to the metal lattice, two electrons 
in the second quantum level would be left, which is 
exactly the number necessary for each boron to form 
two covalent single bonds. It thus is more probable 
that a chain of the kind existing would be stabilized 
by a loss of electrons from the boron than by a 
transfer of electrons to the boron. 

An electron transfer in the direction mentioned is 
also in accordance with a theory on the electron 
distribution in metal lattices, recently put forth by 
Engel (23), and accounts for the similarity between 
the borides with chains and Cr;C2, the only carbide 
with carbon chains, which is hitherto known. The 
experimental evidence thus indicates, according to 
the present author’s opinion, that in the borides 
with boron chains there is an electron transfer from 
the chains to the metal lattice, contrary to Pauling’s 
theory. There is a possibility that these borides are 
to be regarded as chain analogs of the true inter- 
stitial compounds with isolated interstitial atoms, 
where an electron transfer in the direction men- 
tioned has in some instances been suggested, e.g., 
hydrogen in metal hydride lattices, the e-and ¢-car- 
bonitrides of iron (24). It is, of course, not the 
author’s intention to criticize the entire metal theory 
of Pauling, but it seems impossible to use Pauling’s 
calculations on many classes of interstitial struc- 
tures without any modification. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 


REFERENCES 

1. R. Kressutine, Acta Chem. Scand., 4, 209 (1950). 

2. R. Kressiina, ibid. 4, 146 (1950). 

3. G. Hiaa, Z. physik. Chem., B11, 152 (1930); B12, 413 
(1931). 

+. T. Bsurstrém, Arkiv. Kemi Mineral Geol., A11, No. 
5 (1933). 

5. R. Kressuine, Acta Chem. Scand., 1, 893 (1947). 

6. R. Kressiinea, ibid., 3, 603 (1949). 

7. R. Kiessuinea, ibid., 3, 595 (1949). 

8. L.-H. ANDERSSON AND R. KiEessuina, Acta chem. Scand., 
4, 160 (1950) 





170 JOURNAL OF THE ELECTROCHEMICAL SOCIETY 


. W. Hormann ANd W. JANtcHE, Z. physik. Chem. B31, 
214 (1936 
Euruicu, Z. anorg. Chem., 259, 1 (1949). 
T. Norron, H. BLUMENTHAL AND BS. J. SINDEBAND, 
J. Metals, 1, 749 (1949). 
K1iessLinG, Acta Chem. Scand., 3, 90 (1949) 
ALLARD, Bull. soc. chim. France, 61 |4], 1213 (1932 
Vv. STACKELBERG AND F. NEUMANN, Z. physik. Chem., 
B19, 314 (1932). 


April 1951 


F. Laves, Z. phystk. Chem., 22, 114 (1933). 
L. PAULING AND S. WeinspauM, Z. Krist., 87, 181 (1934), 
F. Bertaut ANb P. BLum, Compt. rend., 229, 666 (1949), 
G. Haiae, Z. physik. Chem., B6, 221 (1929). 
G. HAaa, ibid., 12, 33 (1931). 

L. Pautina, Phys. Rev., 54, 899 (1938). 

L. Pautina, J. Am. Chem. Soc., 69, 542 (1947). 

L. Pauuina, Proc. Roy. Soc. (London). A196, 343 (1949), 


3. N. Enaer., Aemisk, 30, 53 (1949) 
. K. Jack, Proc. Roy. Soc. (London), A195, 41 (1948). 








